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Abstract 
ABSTRACT 
Two aspects of aphid chemical ecology were investigated 1) aphid sex pheromone 
chemistry and activity, and 2) the effect of a plant activator. 
Mature sexual female aphids (oviparae) attract males by releasing a sex pheromone, 
which comprises a mixture of the monoterpenoids nepetalactol and nepetalactone. The 
ratio of these two components is thought to convey species integrity. However, the 
enantiomeric composition of the sex pheromone components is unknown and other, 
unidentified chemicals may be involved. Volatile samples were collected from Dysaphis 
plantaginea (the rosy apple aphid) oviparae and putative pheromone components were 
located by coupled gas chromatography - electroantennography (GC-EAG) using male 
antennae. EAG-active peaks were then identified by GC and GC-mass spectrometry 
(GC-MS). The two major components were (4a5,7S,7ai?)-nepetalactone and 
(li?,4aS',75',7ai?)-nepetalactol. The frill determination of the enatiomeric composition of 
these two components was achieved by chiral GC (nepetalactone) and microscale 
Nuclear Magnetic Resonance spectroscopy (nepetalactol). A third EAG-active 
component was identified as (15'i?,2i?6',35/?)-dolichodial. In behavioural bioassays, 
(15',2i?,35)-dolichodial elicited a behavioural response by male D. plantaginea and the 
aphid parasitoid, Aphidius ervi. Studies were initiated to frilly characterise the sex 
pheromone components of five other aphid species. Volatiles samples from 
Rhopalosiphum insertum (the apple grass aphid), Ovatus insitus, Macrosiphum 
euphorbiae (the potato aphid), Nasonovia ribis-nigri (the lettuce aphid) and Megoura 
viciae (the vetch aphid) oviparae were collected. Four of the samples contained 
(4a5',75',7a/?)-nepetalactone and two of the samples contained (li?,43^,75,7a/?)-
nepetalactol. (lSR,2RS,3SR)-Do\ichodia\ was identified in three of the samples. 
Different ratios of the components were collected from all six species. 
A behavioural bioassay, the 'servosphere', was developed to measure the response of 
walking male aphids to the sex pheromone. This locomotion-compensating device, 
allows aphids to move in an unrestricted way, unlike other bioassays. Responses by 
male Megoura viciae (the vetch aphid) to the sex pheromone released by conspecific 
oviparae and a response by D. plantaginea to a three component mixture [(4a5,75',7a/?)-
nepetalactone, (li?,4aS',7iS,7a/?)-nepetalactol and (15,2i?,35)-dolichodial] were recorded. 
Abstract 
(Z)-Jasmone is known to induce defence-related biosynthetic pathways against aphids in 
wheat and bean plants. The effect of (2)-jasmone as a plant activator of sweet peppers 
was investigated in relation to aphid colonisation and the foraging efficiency of an aphid 
parasitoid. The behavioural response of alate Myzus persicae (the peach-potato aphid) to 
volatiles from sweet pepper plants and the growth rate of Aulacorthum solani (the 
glasshouse-potato aphid) were affected by the application of (Z)-jasmone. With regards 
to tri-trophic interactions, (Z)-jasmone affected the foraging and the behavioural 
response of A. ervi to volatiles from sweet pepper plants. No effect of (Z)-jasmone on 
the parasitisation of M persicae was recorded in a no-choice environment. Volatiles 
collected from plants sprayed with (Z)-jasmone 24, 48 and 72 h previously reveal 
changes in key volatiles, which appear to affect insect-plant interactions. It was 
concluded that (Z)-jasmone is a plant activator of sweet pepper plants. 
CONTENTS 
Contents 
Page 
Declaration 2 
Abstract 3 
Contents 5 
List of Figures 14 
List of Tables 20 
Abreviations 23 
Glossary 24 
Acknowledgments 25 
CHAPTER 1. INTRODUCTION 26 
1.1. APHID BIOLOGY 27 
1.2. CHEMICAL ECOLOGY 29 
1.2.1. Classification of semiochemicals 29 
1.2.2. The biochemistry of semiochemicals 29 
1.2.3. Detection of semiochemicals by aphids 31 
1.2.4. Behavioural responses 33 
1.2.5. Orientation 37 
1.3. APHID PHEROMONES 38 
1.3.1. Aphid sex pheromone 3 8 
1.3.2. Aphid alarm pheromone 39 
1.3.3. Other aphid pheromones 3 9 
1.4. ALLELOCHEMICALS 40 
1.4.1. The use of chemical stimulation in host location by aphids 40 
1.5. PLANT-PLANT COMMUNICATION 42 
1.5.1. Methyl j asmonate and j asmonic acid 43 
1.5.2. (Z)-Jasmone 44 
1.6. THE USE OF SEMIOCHEMICALS IN THE CONTROL OF 
APHIDS 45 
1.7. THESIS AIMS AND OBJECTIVES 46 
CHAPTER 2. GENERAL METHODS 49 
2.1. INSECTS 49 
Contents 
2.1.Nasonovia ribis-nigri (the lettuce aphid), Megoura viciae (the vetch 
aphid), Aulacorthum solani (the glasshouse potato aphid) and Myzus persicae 
(the peach-potato aphid) virginoparae 49 
2.1.2. Dysaphis plantaginea (the rosy apple aphid) oviparae and males 49 
2.1.3. Rhopalosiphum insertum (the apple grass aphid) oviparae 49 
2.1.4. Ovatus insitus oviparae 50 
2.1.5. Macrosiphum euphorbiae (the potato aphid) oviparae 50 
2.1.6. Nasonovia ribis-nigri and Megoura viciae oviparae and males 50 
2.1.7. Aphidius ervi 50 
2.2. AIR ENTRAINMENT 51 
2.2.1. Porapak air entrainments 52 
2.2.2. Air entrainment of Dysaphis plantaginea oviparae 53 
2.2.3. Air entrainment of Rhopalosiphum insertum oviparae 53 
2.2.4. Air entrainment of Ovatus insitus oviparae 54 
2.2.5. Air entrainment of Macrosiphum euphorbiae oviparae 54 
2.2.6. Air entrainment of Nasonovia ribis-nigri oviparae 54 
2.2.7. Air entrainment of Megoura viciae oviparae 55 
2.2.8. Air entrainment of sweet pepper (Capsicum annuum) plants 55 
2.3. GAS CHROMATOGRAPHY (GC) AND GC-MASS 
SPECTROSCOPY (GC-MS) 55 
2.3.1. Gas chromatography (GC) analysis of solvent samples 56 
2.3.2. Gas chromatography-mass spectrometry (GC-MS) 56 
2.3.3. Retention Index (RI) 5 6 
2.3.4. Peak enhancement by co-injections 57 
2.3.5. Quantification of chemical components of air entrainment samples 57 
2.4. ELECTROPHYSIOLOGY 58 
2.4.1. Electrophysiology preparation 58 
2.4.2. Electroantennogram 59 
2.4.3. Coupled gas chromatography-electroantennogram (GC-EAG) 59 
2.5. INSECT OLFACTORY BIO ASSAYS 60 
2.5.1. Aphid bioassays: four-way olfactometer 60 
2.5.2. Parasitoid bioassays: four-choice olfactometer 63 
Contents 
CHAPTER 3. IDENTIFICATION OF THE ABSOLUTE 
STEREOCHEMISTRY AND RATIO OF NEPETALACTONE AND 
NEPETALACTOL RELEASED BY OVIPARAE OF DIFFERENT SPECIES 66 
3.1. INTRODUCTION 66 
3.1.1. Aim and obj ectives 70 
3.2. METHODS 72 
3.2.1. Collection, identification and quantification of (4aSR,7SR,7aRS)-
nepetalactone and (li?iS',4a^i?,75'i?,7ai?5)-nepetalactol collected fi-om oviparae 
of different species 72 
3.2.2. Synthetic standards 72 
3.2.2.1. (4aS, 7S, 7aR)-nepetalactone (I), (lR,4aS, 7S, 7aR)-nepetalactol (III) 
and (IS,4aR, 7R, 7aS)-nepetalactol (IV). 72 
3.2.2.2. (4aS, 7S, 7aS)-nepetalactone, (4aR, 7S, 7aS)-nepetalactone and (IS, 
4aR, 7S, 7aS)-nepetalactol (VI) 73 
3.2.2.3. Preparation of (4aR, 7R, 7aS)-nepetalactone (II) from 
(IS, 4aR, 7R, 7aS)-nepetalactol (IV) 73 
3.2.3. Separation of (4a67(,76!/(,7a^6)-nepetalactone and 
(li?5',4aiS'i?,7<S'i?,7ai?>S)-nepetalactol enantiomers by chiral gas chromatography 73 
3.2.4. Separation of (li?5',4aS'i?,7iS'i?,7ai?5)-nepetalactol enantiomers by 
derivatisation 74 
3.2.4.1. Preparation of diastereoisomeric derivatives from the two 
enantiomers of synthetic (lRS,4aSR, 7SR, 7aRS)-nepetalactol and of 
(lRS,4aSR,7SR,7aRS)-nepetalactol prepared from Catmint, Nepeta cataria 
(Lamiaceae = Labiatae), essential oil 74 
3.2.4.2. Preparation of diastereoisomeric derivatives from the volatiles 
sample collected from oviparae 75 
3.2/^.3. m o ; 
3.2.4.4. Gas Chromatography 76 
3.3. RESULTS 76 
3.3.1. Identification of nepetalactone and nepetalactol in air entrainment 
samples collected fi-om oviparae of different species 76 
3.3.2. Identification of the enantiomer of (4a5'i?,75i?,7a/?5)-nepetalactone 
collected from oviparae of different species 82 
Contents 
3.3.2.1. Preparation of (4aR, 7R, 7aS)-nepetalactone (II) from 
(IS, 4aR, 7R, 7aS)-nepetalactol (IV) 82 
3.3.2.2. Separation of (4aS, 7S, 7aR)-nepetalactone (I) and (4aR, 7R, 7aS)-
nepetalactone (II) by chiral gas chromatography 83 
3.3.2.3. Identification of the enantiomer of nepetalactone collected from 
oviparae of different species using chiral gas chromatography 83 
3.3.3. Identification of the enantiomer of 4057?,757?,7ai?5)-nepetalactol 
collected fi'om oviparae of different species and prepared from Catmint, 
Nepeta cataria (Lamiaceae = Labiatae), essential oil 86 
3.3.3.1. Separation of (lR,4aS, 7S, 7aR)-nepetalactol (III) and 
(IS, 4aR, 7R, 7aS)-nepetalactol (IV) by chiral gas chromatography 86 
3.3.3.2. Identification of the enantiomer of nepetalactol collected from 
oviparae of different species using diastereoisomeric derivatives 86 
3.3.3.3. Identification of the enantiomer of nepetalactol prepared from 
Catmint, Nepeta cataria (Lamiaceae = Labiatae), essential oil using 
diastereoisomeric derivatives 91 
3.3.4. Quantification of (4a6',75',7a7?)-nepetalactone (I) and (17?,4a6',75',7a7?)-
nepetalactol (III) in air entrainment samples collected from oviparae of 
different species. 91 
3.3.4.1. Response factor of (4aS, 7S, 7aR)-nepetalactone (I) 91 
3.3.4.2. Response factor of (lR,4aS, 7S, 7aR)-nepetalactol (III) 93 
3.3.4.3. Amount and ratio of (4aSR, 7SR, 7aRS)-nepetalactone and 
(lRS,4aSR, 7SR, 7aRS)-nepetalactol collected from oviparae of different 
species 94 
3.4. DISCUSSION 97 
3.4.1. Identification of the enantiomers of (4a57?,767?,7a/?5)-nepetalactone and 
{\RS,4aSR,lSR,laRS)-nepetalacto\ released from oviparae of different species 97 
3.4.2. Identification of the enantiomer of (17?5',4a57?,767?,7a7?6)-nepetalactol 
prepared from Catmint, Nepeta cataria (Lamiaceae = Labiatae), essential oil. 99 
3.4.3. Ratios of (17?,4a5',75,7ai?)-nepetalactol (III) to (4aS',7<S',7a/?)-
nepetalactone (I) released by oviparae of different species 99 
3.5. CONCLUSION 101 
Contents 
CHAPTER 4. IDENTIFICATION OF ADDITIONAL COMPONENTS OF 
THE APHID SEX PHEROMONE 103 
4.1. INTRODUCTION 103 
4.1.1. Aim and objectives 105 
4.2. METHODS 107 
4.2.1. Identification of electrophysiologically active chemicals in the air 
entrainment samples collected from different species of oviparae 107 
4.2.2. Chemical standards 107 
4.2.2.2. Phenylacetonitrile (XIII) 108 
4.2.2.3. (4aS,7S,7aR)-nepetalactone (I) and (lR,4aS,7S,7aR)-nepetalactol 
4.2.3. The behavioural response of male Dysaphis plantaginea to 
electrophysiologically active chemicals using the four-way olfactometer 108 
4.2.4. The behavioural response of Aphidius ervi to identified chemicals using 
the four-choice olfactometer 109 
4.3. RESULTS 110 
4.3.1. Coupled gas chromatography-electroanteimogram with male Dysaphis 
plantaginea and volatiles collected from D. plantaginea oviparae 110 
4.3.2. Identification of (15',2i?,3'S)-dolichodial (X) in air entrainment samples 
collected from oviparae of different species 112 
4.3.3. Identification of phenylacetonitrile (XIII) in air enfrainment samples 
collected from oviparae of different species 116 
4.3.4. Quantification of (15',2i?,35)-dolichodial (X) 120 
4.3.4.1. Response factor of (lS,2R,3S)-dolichodial (X) 120 
4.3.4.2. Quantification of (lSR,2RS,3SR)-dolichodial and the ratio of 
(lRS,4aSR, 7SR, 7aRS)-nepetalactol, (4aSR, 7SR, 7aRS)-nepetalactone and 
(lSR,2RS,3SR)-dolichodial in the air entrainment samples collected from 
different species of oviparae 120 
4.3.5. Elecfrophysiological response of male and gynoparous Dysaphis 
plantaginea 121 
4.3.6. Behavioural response of male Dysaphis plantaginea to (liS',2i?,35)-
dolichodial (X) 122 
Contents 
4.3.6.1. Dose response of male Dysaphis plantaginea to (1S,2R,3S)-
dolichodial (X) 122 
4.3.6.2. Behavioural response of male Dysaphis plantaginea to different 
mixtures of (4aS, 7S, 7aR)-nepetalactone (I), (lR,4aS, 7S, 7aR)-nepetalactol 
4.3.7. Behavioural response of Aphidius ervi to (15,2i?,3'5)-dolichodial (X) 126 
4.3.7.1. Dose response of female Aphidius ervi to (lS,2R,3S)-dolichodial (X) 126 
4.3.7.2. Behavioural response of female Aphidius ervi to different mixtures 
of (4aS, 7S, 7aR)-nepetalactone (I), (lR,4aS, 7S, 7aR)-nepetalactol (III) and 
(^612/;, 72,9 
4.4. DISCUSSION 129 
4.4.1. Identification of electrophysiologically active chemicals in the air 
entrainment samples collected fi-om Dysaphis plantaginea oviparae 129 
4.4.2. The behavioural response of male Dysaphis plantaginea to 
electrophysiologically active chemicals 132 
4.4.3. The behavioural response of Aphidius ervi to electrophysiologically 
active chemicals 133 
4.5. CONCLUSIONS 133 
CHAPTER 5. THE SERVOSPHERE BIO ASSAY 135 
5.1. INTRODUCTION 135 
5.1.1. Aim and obj ectives 139 
5.2. METHODS 141 
5.2.1. General set-up of the servosphere bioassay 141 
5.2.2. Behavioural response of Nasonovia ribis-nigri to a visual stimulus 
(light) 141 
5.2.3. A method for introducing odour to aphids on the servosphere 141 
5.2.4. Behavioural response of male Megoura viciae to the conspecific ratio of 
the sex pheromone components 142 
5.2.5. Behavioural response of male Dysaphis plantaginea to different 
mixtures of (4aS',75',7ai?)-nepetalactone (I), (li?,4a5',75',7ai?)-nepetalactol (III) 
and (15,2i?,35)-dolichodial (X) 143 
5.2.6. Statistical analysis 143 
5.3. RESULTS 148 
10 
Contents 
5.3.1. Behavioural response of Nasonovia ribis-nigri to a visual stimulus 
(light) 148 
5.3.2. Behavioural response of male Megoura viciae to the conspecific ratio of 
the sex pheromone components 153 
5.3.3. Behavioural response of male Dysaphis plantaginea to different 
mixtures of (4aS',75',7ai?)-nepetalactone (I), (li?,4a5',75',7a??)-nepetalactol (III) 
and (lS,2i?,35)-dolichodial (X) 158 
5.4. DISCUSSION 164 
5.4.1. To record and assess the behavioural response of Nasonovia ribis-nigri 
to a visual stimulus (light) 164 
5.4.2. To record and assess the behavioural response of male Megoura viciae 
to the conspecific ratio of the sex pheromone components 165 
5.4.3. To record and assess the behavioural response of male Dysaphis 
plantaginea to different mixtures of (4a6',76',7a^)-nepetalactone (I), 
(li?,4aS,75,7aK)-nepetalactol (III) and (15,2i?,35)-dolichodial (X) 168 
5.4.4. Statistical analysis 172 
5.4.5. Problems with the set-up of the servosphere bioassay 174 
5.5. CONCLUSION 175 
CHAPTER 6. THE EFFECT OF (Z)-JASMONE ON A SWEET PEPPER 
BASED SYSTEM WITH REGARDS TO APHID AND PARASITOID 
INTERACTIONS 176 
6.1. INTRODUCTION 176 
6.1.1. Aim and objectives 178 
6.2. METHODS 180 
6.2.1. Plant and insect material 180 
6.2.2. Treatment of plants 180 
6.2.3. The effect of (Z)-jasmone on the behavioural response of alate 
Aulacorthum solani and Myzus persicae to sweet pepper plant volatiles 181 
6.2.4. The effect of (Z)-jasmone on the growth rate of Aulacorthum solani and 
Myzus persicae on sweet pepper plants 181 
6.2.5. The effect of (Z)-jasmone on the behavioural response of Aphidius ervi 
to sweet pepper plant volatiles 182 
11 
Contents 
6.2.5.1. Olfactometer Study: Female Aphidius ervi and the four-choice 
olfactometer 182 
6.2.5.2. Parasitoid foraging behaviour 185 
6.2.5.3. Parasitoid no-choice tests 185 
6.2.6. The effect of (Z)-jasmone on the volatile profile of sweet pepper plants 187 
6.2.7. Statistical analysis of volatiles collected fi'om sweet pepper plants 187 
6.2.7.1. Total volatiles collected 187 
6.2.7.2. Multivariate analysis 187 
6.3. RESULTS 190 
6.3.1. The effect of (Z)-jasmone on the behavioural response of alate 
Aulacorthum solani and Myzus persicae to sweet pepper plant volatiles 190 
6.3.2. The effect of (Z)-jasmone on the growth rate of Aulacorthum solani and 
Myzus persicae on sweet pepper plants 194 
6.3.3. The effect of (Z)-jasmone on the behavioural response of Aphidius ervi 
to sweet pepper plant volatiles 198 
6.3.3.1. Olfactometer study: female Aphidius ervi and the four-choice 
olfactometer 198 
6.3.3.2. Parasitoid foraging behaviour 199 
6.3.3.3. Parasitoid no-choice tests 205 
6.3.4. The effect of (Z)-jasmone on the volatile profile of sweet pepper plants 207 
6.4. DISCUSSION 224 
6.4.1. The effect of (Z)-jasmone on the behavioural response of alate 
Aulacorthum solani and Myzus persicae to sweet pepper plant volatiles 224 
6.4.2. The effect of (Z)-jasmone on the growth rate of Aulacorthum solani and 
Myzus persicae on sweet pepper plants 226 
6.4.3. The effect of (Z)-jasmone on the behavioural response of Aphidius ervi 
to sweet pepper plant volatiles 229 
6.4.4. The effect of (Z)-jasnione on the volatile profile of sweet pepper plants 230 
6.5. CONCLUSION 234 
CHAPTER 7. GENERAL DISCUSSION 236 
7.1. THE APHID SEX PHEROMONE 236 
7.2. THE PLANT ACTIVATOR, (Z)-JASMONE 241 
7.3. CONCLUSION 243 
12 
Contents 
REFERENCES 244 
APPENDIX A. RHOPALOSIPHUM INSERTUM 271 
APPENDIX B. OVATUSINSITUS 275 
APPENDIX C. MACROSIPHUM EUPHORBIAE 282 
APPENDIX D. NASONOVIA RIBIS-NIGRI 288 
AVV^mi\X^.MEGOURAVICIAE 296 
APPENDIX F. PUBLISHED PAPER 302 
13 
List of Figures 
LIST OF FIGURES 
Page 
1.1. A diagram of the life cycle of a holocyclic, heteroecious aphid. 28 
1.2. Isoprene unit. 31 
1.3. Diagram of an aphid antenna showing olfactory sensilla. 31 
1.4. Diagrammatic representation of a placoid sensillum of an aphid. 32 
1.5. Biosynthetic route to methyl jasmonate, jasmonic acid and (Z)-jasmone. 43 
1.6. Allelochemical pathways used by natural enemies to locate hosts. 46 
2.1. An illustration of an air entrainment of a plant. 52 
2.2. Air entrainment of Dysaphisplantaginea oviparae. 53 
2.3. Illustration of the coupled gas chromatography-electroantennogram set-up. 59 
2.4. An illustration of the four-way olfactometer used to assess aphid behavioural 
responses. 61 
2.5. A diagram showing the five areas of the four-way olfactometer. 62 
2.6. An illustration of the four-choice olfactometer used to assess parasitoid 
behavioural responses. 63 
2.7. The response of naive mated female Aphidius ervi to aphid sex pheromone 
components. 65 
3.1. I: (4a5',7»S',7a/?)-nepetalactone, II: (4ai?,7i?,7aiS)-nepetalactone. 66 
3.2. Ill; (li?,4aS',75',7ai?)-nepetalactol, IV: (15',4ai?,7i?,7aS)-nepetalactol, V; 
(15',4a5',75',7ai?)-nepetalactol. 67 
3.3. VI: (15',4ai?,75',7aS)-nepetalactol VII; (li?,4ai?,75,7aiS)-nepetalactol. 68 
3.4. Transformation of (li?,4aS',75',7a/?)-nepetalactol (III) and its enantiomer 
(15',4ai?,7i?,7a5)-nepetalactol (IV) to the corresponding Mosher's ester (VIII 
and IX). 74 
3.5. GC trace from a non-polar column of Dysaphis plantaginea oviparae air 
entrainment sample, D. plantaginea oviparae air entrainment sample co-
injected with synthetic (4a5',75',7a^)-nepetalactone (I), and synthetic 
(4aS',75',7ai?)-nepetalactone (I). 77 
3.6. GC trace from a polar column of Dysaphis plantaginea oviparae air 
entrainment sample, D. plantaginea oviparae air entrainment sample co-
injected with synthetic (4a5',76',7ai?)-nepetalactone (I), and synthetic 
(4a»S',75',7a/2)-nepetalactone (I). 78 
3.7. GC frace from a non-polar column of Dysaphis plantaginea oviparae air 
entrainment sample, D. plantaginea oviparae air entrainment sample co-
injected with synthetic (li?,4aS',75',7a/?)-nepetalactol (III), and synthetic 
(li?,435,75,7ai?)-nepetalactol (III). 79 
14 
List of Figures 
Page 
3.8. GC trace from a polar column of Dysaphis plantaginea oviparae air 
entrainment sample, D. plantaginea oviparae air entrainment sample co-
injected with synthetic (li?,4aS',75,7ai?)-nepetalactol (III), and synthetic 
(li?,4a5,75,7a/?)-nepetalactol (III). 80 
3.9. GC frace from a non-polar column of apple leaves air entrainment sample, 
synthetic (li?,4a<S',7>S,7ai?)-nepetalactol (III) and synthetic (4aS',75',7ai?)-
nepetalactone (I). 81 
3.10. GC trace from a non-polar column of product (4ai?,7i?,7a5)-nepetalactone (II) 
co-injection with standard (405,75,7ai?)-nepetalactone (I), and product 
(4a/?,7i?,7a6)-nepetalactone (II) and starting material (lS,AdiR,lR,ldS)-
nepetalactol (IV). 82 
3.11. GC frace from a chiral column showing separation of (AaSJS,laR)-
nepetalactone (I) and (4ai?,7i?,7a^-nepetalactone (II). 83 
3.12. GC trace from a chiral column of Dysaphis plantaginea oviparae sample, D. 
plantaginea oviparae sample co injected with synthetic (4aS,7»S',7a/?)-
nepetalactone (I) and synthetic (4a5',75',7ai?)-nepetalactone (I). 84 
3.13. GC trace from a chiral column of Dysaphis plantaginea oviparae sample, D. 
plantaginea oviparae sample co injected with synthetic (4a/?,7i?,7a5)-
nepetalactone (II) and synthetic (4ai?,7i?,7aS)-nepetalactone (II). 85 
3.14. GC frace showing poor separation of (li?,4a5,75',7a/?)-nepetalactol (III) and 
(l/S',4ai?,7i?,7aS)-nepetalactol (IV) when using a chiral column. 86 
3.15. NMR Spectrum of the derivatised synthetic standards and air entrainment 
sample from Dysaphis plantaginea oviparae showing Hi and H3 resonances 
from the derivatised nepetalactol. 88 
3.16. GC trace on a non-polar column of derivatised Dysaphis plantaginea 
entrainment sample co-injected with product VIII. 90 
3.17. NMR Spectrum of the derivatised (A and B) synthetic standards and 
nepetalactol prepared from Catmint, Nepeta cataria, (Lamiaceae = Labiatae), 
essential oil showing Hi and H3 resonances from the derivatised nepetalactol. 91 
3.18. Regression analysis on the GC response factor to (4aS,7iS,7ai?)-nepetalactone 
(I). 92 
3.19. Regression analysis on the GC response factor to {\R,AaS,lS,lSiR)-
nepetalactol (III). 93 
4.1. Damage to apple plants caused by the rosy-apple aphid, Dysaphis 
plantaginea. 105 
4.2. X: (15,2i?,35)-dohchodial, XI: (15,25,35)-dolichodial and XII: {\R,2S,3R)-
dolichodial. 108 
4.3. XIII: Phenylacetonitrile. 108 
4.4. Example of a coupled GC-EAG trace of male Dysaphis plantaginea 
responses to air enfrainment sample from conspecific oviparae. 110 
15 
List of Figures 
Page 
4.5. Mass spectra of peak of interest in air entrainment sample collected from D. 
plantaginea oviparae, and identified chemical from library reference. 111 
4.6. GC trace from a non-polar column of Dysaphis plantaginea oviparae air 
entrainment sample, D. plantaginea oviparae air entrainment sample co-
injected with (15,2i?,36)-dolichodial (X) and (16',26',36)-dolichodial (XI), and 
(15,2i?,35)-dolichodial (X) and (15,25,35)-dolichodial (XI). 113 
4.7. GC trace from a polar column of Dysaphis plantaginea oviparae air 
enfrainment sample, D. plantaginea oviparae air entrainment sample co-
injected with (15',2i?,35)-dolichodial (X) and (15',25,35)-dolichodial (XI), and 
(l;^,2i?,35)-dolichodial (X) and (15',25,35)-dolichodial (XI). 114 
4.8. GC frace from a non-polar column of apple leaves air entrainment sample, 
apple leaves air entrainment sample co-injected with (15',2i?,3/S)-dolichodial 
(X) and (15,25,35)-dolichodial (XI), and (15,2i?,35)-dolichodial (X) and 
(15,25',35)-dolichodial (XI). 115 
4.9. GC trace from a non-polar column of Dysaphis plantaginea oviparae air 
entrainment sample, D. plantaginea oviparae air enfrainment sample co-
injected with phenylacetonitrile (XIII), and phenylacetonitrile (XIII) 117 
4.10. GC trace from a polar column of Dysaphis plantaginea oviparae air 
enfrainment sample, D. plantaginea oviparae air entrainment sample co-
injected with phenylacetonitrile (XIII), and phenylacetonitrile (XIII). 118 
4.11. GC trace from a non-polar column of apple leaves air entrainment sample, 
apple leaves air entrainment sample co-injected with phenylacetonitrile 
(XIII), and phenylacetonitrile (XIII). 119 
4.12. Regression analysis on the GC response factor to (15',2i?,35)-dolichodial (X) 120 
4.13. Elecfrophysiological response of male and gynoparous Dysaphis plantaginea 
to (4a6',75',7ai?)-nepetalactone (I), (li?,4a^,75',7a/?)-nepetalactol (III) and 
(15',2i?,35)-dolichodial (X) standards. 121 
4.14. The response (back-transformed mean proportion of time-spent) by male 
Dysaphis plantaginea to different amounts of (15',2i?,35)-dolichodial (X) in 
the four-way olfactometer. 123 
4.15. The response (mean proportion of entries) by male Dysaphis plantaginea to 
different amounts of (15',2i?,35)-dolichodial (X) in the four-way olfactometer. 123 
4.16. The response (back-transformed mean proportion of time-spent) by male 
Dysaphis plantaginea to different ratios of (li?,4aS',75',7a/?)-nepetalactol 
(III): (4aS,75',7ai?)-nepetalactone (I): (15',2i?,35)-dolichodial (X) in a four-
way olfactometer. 125 
4.17. The response (mean proportion of entries) of male Dysaphis plantaginea to 
different ratios of (li?,4aS',75',7ai?)-nepetalactol (III); {AdiS,lS,laR)-
nepetalactone (I): (l»S',2i?,3>S)-dolichodial (X) in a four-way olfactometer. 125 
4.18. The response of naive mated female Aphidius ervi to different amounts of 
(15',2i?,35)-dolichodial (X) and a positive control in a four-choice 
olfactometer. 127 
4.19. The response of naive mated female Aphidius ervi to different ratios of 
(li?,4a5',75',7ai?)-nepetalactol (III): (4a5',75',7a/?)-nepetalactone (I): 
(15,27?,35)-dolichodial (X) in a four-choice olfactometer. 128 
16 
List of Figures 
Page 
5.1. Insect olfactometers: Y-tube, linear-track, four-way olfactometer. 135 
5.2. The servosphere bioassay used to assess the behavioural response of aphids to 
different semiochemical and visual stimuli. 138 
5.3. A picture of the smoke test on a servosphere bioassay. 142 
5.4. The different parameters obtained from the servosphere data. 144 
5.5. Different parameters of the walking tracks of alate Nasonovia ribis-nigri 
virginoparae in response to a visual stimulus (light) on the servosphere (first 
response data). 149 
5.6. Different parameters of the walking tracks of alate Nasonovia ribis-nigri 
virginoparae in response to a visual stimulus (light) on the servosphere {all 
response data). 151 
5.7. Circular representation of the distribution of the direction of walks of alate 
Nasonovia ribis-nigri virginoparae (n = 7) to a visual stimulus (light) on the 
servosphere. 152 
5.8. Different parameters of the walking tracks of male Megoura viciae to the 
conspecific ratio of the sex pheromone components (first response data). 154 
5.9. The affect of time on the straightness of tracks by male Megoura viciae to the 
conspecific ratio of the sex pheromone components using all response data. 155 
5.10. Different parameters of the walking tracks of male Megoura viciae to the 
conspecific ratio of the sex pheromone components (all response data). 156 
5.11. Circular representation of the distribution of the direction of walks of male 
Megoura viciae to the conspecific ratio of the sex pheromone components 
and in clean air on the servosphere. 157 
5.12. Different parameters of the walking tracks of male Dysaphis plantaginea to 
(15',2i?,3iS)-dolichodial (X) and ratios of (li?,4a5',75',7ai?)-nepetalactol (III): 
(4a5',75',7ai?)-nepetalactone (I): (15,2i?,35)-dolichodial (X) (fiirst response 
data). 159 
5.13. Circular representation of the distribution of the direction of walks of male 
Dysaphis plantaginea (first response data, n = 24) to (15',2i?,3'S)-dolichodial 
(X) and ratios of (li?,4a5',75,7a/?)-nepetalactol (III): (4aS,7S,7aR)-
nepetalactone (I): (15',2i?,3'S)-dolichodial (X) on the servosphere. 160 
5.14. Different parameters of the walking tracks of male Dysaphis plantaginea to 
(15',2i?,3iS)-dohchodial (X) and ratios of (li?,4a5,76',7ai?)-nepetalactol (III): 
(4aS',75',7a/?)-nepetalactone (I): (15',2i?,35)-dolichodial (X) (all response 
data). 162 
5.15. The affect of time on the average walking speed and straightness of walking 
tracks of male Dysaphis plantaginea to (l;5',2/?,35)-dolichodial (X) and ratios 
of (li?,4aiS,7»S',7a/?)-nepetalactol (III): (4aiS',75',7a/?)-nepetalactone (I): 
(15,2i?,35)-dolichodial (X). 163 
5.16. The affect of time on the average walking speed and straightness of walking 
tracks of male Dysaphis plantaginea to control after (15,2i?,3'5)-dolichodial 
(X) and ratios of (li?,4aS',75',7ai?)-nepetalactol (III): (4aS,7S,7aR)-
nepetalactone (I); (16',2^,35)-dolichodial (X). 163 
17 
List of Figures 
Page 
6.1. (Z)-Jasmone 178 
6.2. The response of naive mated female Aphidius ervi to controls, a positive 
control and to sweet pepper plants in a four-choice olfactometer. 183 
6.3. The response (back-transformed mean proportion time-spent) by alate Myzus 
persicae to odour from sweet pepper plants treated with blank formulation 
and (Z)-jasmone, 24, 48 and 72 h previously, in the four-way olfactometer. 191 
6.4. The response (mean proportion of entries) by alate Myzus persicae to sweet 
pepper plants freated with blank formulation and (Z)-jasmone, 24, 48 and 72 
h previously, in the four-way olfactometer. 191 
6.5. The mean proportion time-spent and the mean proportion of entries made by 
alate Myzus persicae in the three confrol arms when investigating the 
response to sweet pepper plants treated with (Z)-jasmone 24 h previously, in 
the four-way olfactometer. 193 
6.6. The mean proportion time-spent by alate Myzus persicae in the three confrol 
arms when investigating the response to sweet pepper plants treated (Z)-
jasmone 72 h previously, in the four-way olfactometer. 193 
6.7. The effect of (Z)-jasmone and blank formulation on the birth weight of 
Aulacorthum solani on sweet pepper plants. 195 
6.8. The effect of (Z)-jasmone and blank formulation on the mean relative growth 
rate (MRGR) of Aulacorthum solani on sweet pepper plants. 196 
6.9. The effect of (Z)-jasmone and blank formulation on the mean number of days 
to adult of Aulacorthum solani on sweet pepper plants. 196 
6.10. The effect of (Z)-jasmone and blank formulation on the mean time from birth 
to production of first nymph (D) of Aulacorthum solani on sweet pepper 
plants. 197 
6.11. The response of naive mated female Aphidius ervi to sweet pepper plants 
treated with blank formulation and (Z)-jasmone 48 h previously, and a 
positive control in a four-choice olfactometer. 198 
6.12. The total time Aphidius ervi spent on unfreated sweet pepper plants and sweet 
pepper plants treated with blank formulation or (Z)-jasmone, 24, 48 and 72 h 
previously. 200 
6.13. The mean proportion of total time Aphidius ervi spent resting on untreated 
sweet pepper plants and sweet pepper plants treated with blank formulation or 
(Z)-jasmone, 24, 48 and 72 h previously. 201 
6.14. The mean proportion of total time Aphidius ervi spent cleaning on untreated 
sweet pepper plants and sweet pepper plants treated with blank formulation or 
(Z)-jasmone, 24, 48 and 72 h previously. 202 
6.15. The mean proportion of total time Aphidius ervi spent walking on untreated 
sweet pepper plants and sweet pepper plants freated with blank formulation or 
(Z)-jasmone. 203 
6.16. The mean number of leaves visited by Aphidius ervi on untreated sweet 
pepper plants and sweet pepper plants treated with blank formulation or (Z)-
jasmone. 204 
18 
List of Figures 
Page 
6.17. The proportion of aphids remaining after attack by Aphidius ervi on 
untreated sweet pepper plants and sweet pepper plants treated with blank 
formulation or (2)-jasmone, 48 h previously. 205 
6.18. The proportion of aphids remaining after Aphidius ervi attack reaching 
adulthood on untreated sweet pepper plants and sweet pepper plants treated 
with blank formulation or (Z)-jasmone, 48 h previously. 206 
6.19. The mean number of nymphs per adult aphid per plant on untreated sweet 
pepper plants and sweet pepper plants treated with blank formulation or (Z)-
jasmone, 48 h previously. 206 
6.20. The proportion aphids remaining after Aphidius ervi attack which were 
mummified on untreated sweet pepper plants and sweet pepper plants treated 
with blank formulation or (Z)-jasmone, 48 h previously. 207 
6.21. Example of a typical gas chromatogram of air entrainment extracts collected 
from untreated sweet pepper plants, sweet pepper plants treated with blank 
formulation and sweet pepper plants treated with (Z)-jasmone, 48 h 
previously. 208 
6.22. Mean total amount of compounds collected by air entrainment from untreated 
sweet pepper plants and sweet pepper plants treated with blank formulation or 
(Z)-jasmone, 24, 48, 72 h previously. 209 
6.23. Ordination plot of the canonical-variate scores based on the absolute amounts 
of all chemicals collected from untreated sweet pepper plants and sweet 
pepper plants treated with blank formulation or (Z)-jasmone, 24, 48 and 72 h 
previously by air entrainment. 210 
6.24. Two-dimensional plots for scores obtained following principle component 
analysis, representing the association among the freatments for absolute 
amounts of chemicals from air enfrainment extracts obtained after 24, 48 and 
72 h. 211 
6.25. Mass spectra of sweet pepper derived chemical of interest in an air 
enfrainment extract, and identified chemical from library reference. 212 
6.26. Two-dimensional plots for scores obtained following principle component 
analysis representing the association among the treatments for absolute 
amounts of tentatively identified chemicals from air entrainment extracts 
obtained after 24, 48 and 72 h. 217 
6.27. Mean amount of (£)-y5-ocimene collected by air entrairmient from untreated 
sweet pepper plants and sweet pepper plants treated with blank formulation or 
(Z)-jasmone, 24, 48 and 72 h previously. 219 
6.28. Mean amount of tentatively identified compounds collected by air 
enfrainment from untreated sweet pepper plants and sweet pepper plants 
freated with blank formulation or (Z)-jasmone, 24, 48 and 72 h previously. 220 
6.29. Ordination plot of the canonical-variate scores based on the absolute amounts 
of tentatively identified chemicals collected from untreated sweet pepper 
plants and sweet pepper plants freated with blank formulation or (Z)-jasmone, 
24, 48 and 72 h previously by air entrainment. 221 
19 
List of Tables 
LIST OF TABLES 
Page 
1.1. The different categories of semiochemicals. 30 
1.2. Six types of behavioural response induced by semiochemicals. 34 
1.3. Basic terminology used in describing different isomers. 35 
1.4. Ten categories of stereochemistry-pheromone activity response relationships. 36 
2.1. Summer host plants of different aphid species. 49 
2.2. Summary of hypothesis testing of the response of naive mated female 
Aphidius ervi to aphid sex pheromone components and controls. 65 
3.1. RIs of nepetalactone and nepetalactol isomers available on two different types 
of GC column. 72 
3.2. Approximate amount of (li?5',4aS'i?,75i?,7ai?5)-nepetalactol in air entrainment 
samples collected from oviparae of different species and used in 
derivatisation. 75 
3.3. GC response factor to (4a5',7,S',7ai?)-nepetalactone (I) used for each species. 92 
3.4. GC response factor to (li?,4aiS',75',7ai?)-nepetalactol (III) used for each 
ovipara species. 93 
3.5. GC estimated ratios and amounts of (li?,4a^,7<S',7ai?)-nepetalactol (III) and 
(4aS'i?,75'i?,7aR5)-nepetalactone collected from Dysaphis plantaginea 
oviparae 94 
3.6. GC estimated ratios and amounts of (li?5',4a^i?,757?,7ai?5)-nepetalactol and 
(4aS'i?,75/?,7ai?5)-nepetalactone collected from Rhopalosiphum insertum 
oviparae. 94 
3.7. GC estimated ratios and amounts of (li?5',4aiS'i?,75'i?,7ai?iS)-nepetalactol and 
(4aS,75,7a/?)-nepetalactone (I) collected from Ovatus insitus oviparae. 95 
3.8. GC estimated ratios and amounts of (li?,4aS',75',7ai?)-nepetalactol (III) and 
(4aiS'i?,7.S'i?,7ai?5)-nepetalactone collected from Macrosiphum euphorbiae 
oviparae. 95 
3.9. GC estimated ratios and amounts of (li?5',4aS'i?,757?,7a/?5)-nepetalactol and 
(4aS',75,7ai?)-nepetalactone (I) collected from Nasonovia ribis-nigri oviparae. 96 
3.10. GC estimated ratios and amounts of (li?5',4aS'i?,75'i?,7ai?»S)-nepetalactol and 
(4aS',75,7ai?)-nepetalactone (I) collected from Megoura viciae oviparae. 96 
3.11. Ratios of (li?5',4a5i?,75'i?,7ai?5)-nepetalactol; (4aSi?,75i?,7ai?5)-nepetalactone 
released by oviparae of different species. 100 
4.1. RIs of dolichodial isomers available on two different types of GC column. 112 
4.2. GC estimated amounts and ratios of (li?6',4aiS/?,75!/?,7a/?5)-nepetalactol, 
(4aiSi?,7iSi?,7ai?5)-nepetalactone and (l>S'i?,2i?5',3'S'i?)-dolichodial collected by 
air enfrainment from different species of oviparae. 121 
4.3. Mean log-proportion of time spent by male Dysaphis plantaginea to different 
amounts of (15',2i?,35)-dolichodial (X) in the four way olfactometer. 124 
20 
List of Tables 
Page 
4.4. Summary of hypothesis testing for different response parameters (log-
proportion of time spent and proportion of entries) of male Dysaphis 
plantaginea to different amounts of (l»S',2i?,35)-dolichodial (X) in the four-
way olfactometer. 124 
4.5. Mean log-proportion of time spent by male Dysaphis plantaginea to different 
ratios of (li?,4aS',75',7ai?)-nepetalactol (III): (4a;S',75',7ai?)-nepetalactone (I): 
(15',2i?,36)-dolichodial (X) in a four-way olfactometer. 126 
4.6. Summary of hypothesis testing for different response parameters (log-
proportion of time spent and proportion of entries) of male Dysaphis 
plantaginea to different ratios of (li?,4aS',75,7a/?)-nepetalactol (III): 
(4aS',75',7ai?)-nepetalactone (I): (15,2i?,35)-dolichodial (X) in a four-way 
olfactometer. 126 
4.7. Summary of hypothesis of the response of naive mated female Aphidius ervi 
to different amounts of (15',2i?,3»S)-dolichodial (X) and a positive control in a 
four-choice olfactometer. 127 
4.8. Summary of hypothesis testing of the response of naive mated female 
Aphidius ervi to different ratios of (li?,4aS',75',7ai?)-nepetalactol (III): 
(4aS',75',7a/?)-nepetalactone (I): (15',2i?,35)-dolichodial (X) in a four choice 
olfactometer. 128 
5.1. Calculation of the different parameters obtained from the servosphere data. 144 
5.2. Classification of aphid vector angles with respect to upwind direction (0°) 
recorded on a servosphere. 145 
5.3. Summary of hypothesis testing for different response parameters by alate 
Nasonovia ribis-nigri virginoparae to a visual stimulus (light) using the first 
response data. 148 
5.4. Summary of hypothesis testing for different response parameters by alate 
Nasonovia ribis-nigri virginoparae to a visual stimulus (light) using all 
response data. 150 
5.5. Summary of hypothesis testing for different response parameters by male 
Megoura viciae to the conspecific ratio of the sex pheromone components 
using first response data. 153 
5.6. Summary of hypothesis testing for different response parameters by male 
Megoura viciae to the conspecific ratio of the sex pheromone components 
using all response data. 155 
5.7. Summary of hypothesis testing for different response parameters by male 
Dysaphis plantaginea to (15',2i?,3'5)-dolichodial (X) and ratios of 
(li?,4a*S',75',7ai?)-nepetalactol (III): (4a5',75',7ai?)-nepetalactone (I): 
(15',2i?,35)-dolichodial (X) using first response data. 158 
5.8. Summary of hypothesis testing for different response parameters by male 
Dysaphis plantaginea to (15',2i?,35)-dolichodial (X) and ratios of 
(li?,4a5',75',7ai?)-nepetalactol (III): (4aS,75,7ai?)-nepetalactone (I): 
(15,2i?,3'5)-dolichodial (X) using all response data. 161 
21 
List of Tables 
Page 
6.1. Contents of the blank formulation and (Z)-jasmone solutions applied to sweet 
pepper plants. 181 
6.2. Chi square table on the response of naive mated female Aphidius ervi to a 
control, a positive control and to sweet pepper plants in a four-choice 
olfactometer. 184 
6.3. Comparison tests performed in the four-choice olfactometer to assess the 
effect of (Z)-jasmone on the behavioural response of Aphidius ervi to sweet-
pepper plant volatiles. 184 
6.4. Mean log-proportion time spent by alate Myzus persicae in the arm 
containing volatiles from sweet pepper plants treated with blank formulation 
and (Z)-jasmone, 24, 48 and 72 h previously, and control arms in the four-
way olfactometer. 192 
6.5. Summary of hypothesis testing for different response parameters (log-
proportion time spent and proportion of entries) of alate Myzus persicae to 
sweet pepper plants treated with blank formulation and (Z)-jasmone, 24, 48 
and 72 h previously, in the four-way olfactometer. 192 
6.6. The mean log-proportion time-spent by alate Myzus persicae in the three 
control arms when testing the response to sweet pepper plants treated with 
(Z)-jasmone 24 and 72 h previously, in the four-way olfactometer. 194 
6.7. Summary of hypothesis testing for different growth rate parameters oi Myzus 
persicae on sweet pepper plants treated with blank formulation and (Z)-
jasmone. 194 
6.8. Summary of hypothesis testing for different growth rate parameters of 
Aulacorthum solani on sweet pepper plants treated with blank formulation 
and (Z)-j asmone. 197 
6.9. Chi square table on the response of naive mated female Aphidius ervi to 
sweet pepper plants treated with blank formulation and (Z)-j asmone, 48 h 
previously and a positive control in a four-choice olfactometer. 199 
6.10. Summary of hypothesis testing for the In-total time Aphidius ervi spent on 
untreated sweet pepper plants and sweet pepper plants treated with blank 
formulation or (Z)-j asmone, 24, 48 and 72 h previously. 200 
6.11. Summary of hypothesis testing for the proportion of total time Aphidius ervi 
spent resting on untreated sweet pepper plants and sweet pepper plants treated 
with blank formulation or (Z)-jasmone, 24, 48 and 72 h previously. 201 
6.12. Summary of hypothesis testing for the proportion of total time Aphidius ervi 
spent cleaning on untreated sweet pepper plants and sweet pepper plants 
treated with blank formulation or (Z)-j asmone, 24, 48 and 72 h previously. 202 
6.13. Summary of hypothesis testing for the proportion of total time Aphidius ervi 
spent walking on untreated sweet pepper plants and sweet pepper plants 
treated with blank formulation or (Z)-jasmone, 24, 48 and 72 h previously. 203 
6.14. Summary of hypothesis testing for the number of leaves visited by Aphidius 
ervi on untreated sweet pepper plants and sweet pepper plants treated with 
blank formulation or (Z)-j asmone, 24, 48 and 72 h previously. 204 
22 
Abbreviations 
Page 
6.15. Retention indices (RIs) and approximate retention times of chemicals 
tentatively identified by GC-MS in air entrainment samples collected from 
mfreated sweet pepper plants, sweet pepper plants treated with blank 
formulation and sweet pepper plants freated with (Z)-jasmone. 212 
6.16. Loadings from principle component analysis of all tentatively identified 
chemicals collected from untreated sweet pepper plants and sweet pepper 
plants treated with blank formulation or (Z)-jasmone at three time periods 
(24,48 (ud 72 to. 218 
6.17. Loadings from canonical variate analysis of all tentatively identified 
chemicals collected from untreated sweet pepper plants and sweet pepper 
plants treated with blank formulation or (Z)-jasmone at three time periods 
48 and 72 to. 223 
ABREVIATIONS 
ANOVA Analysis of variance 
CVA Canonical variate analysis 
D Time (days) from birth to production of first nymph 
d. f Degrees of freedom 
BAG Elecfroantennogram 
F. D. Total nymphs produced over equivalent time D 
GC Gas chromatography 
L. S.D. Least significant difference 
MRGR Mean relative growth rate 
MS Mass spectroscopy 
NMR Nuclear magnetic resonance 
PCA Principal component analysis 
RI Retention index 
rm Intrinsic rate of population increase 
S. E. Standard Error 
S. E. D. Standard Error of the Difference 
23 
Glossary 
GLOSSARY 
The description of the following terms were taken from Dethier et al. (1960), Blackman (1974), 
Nordlund and Lewis (1976), Bemays and Chapman (1994), Gullan and Cranston (1994), Moss (1996) 
Alate: Winged form of aphids, usually referring to winged parthenogenetic females 
Anholocyclic; Life cycles with only parthenogenetic reproduction 
Odour-induced anemotaxis: Orientated moves towards the direction of the wind as a 
result of stimulation by an odour 
Apterous: Wingless aphids 
Arrestant: A chemical that, in the absence of orientation cues, causes the insects to 
aggregate near the source by decreasing the speed of locomotion or appropriately 
affecting the rate of turning. 
Attractant: A chemical that causes insects to make oriented movements towards its 
source 
Chemotaxis: Orientated moves towards the direction of the chemical source 
Diastereoisomers: Stereoisomers not related as mirror images 
Enantiomer: One of a pair of molecular entities that are mirror images of each other 
and non-super imposable 
Fundatrix: Parthenogenetic female developing from fertilised egg 
Gynoparae: Parthenogenetic females that produce sexual females 
Heteroecious: Life cycle with an annual alternation between primary and secondary 
hosts 
Holocyclic: Life cycle with asexual and sexual reproduction 
Kairomone: Induces a response by the receiver that benefits the receiver but not the 
emitter 
Monoecious: Aphids that live their entire life cycle on the same species of plant, or a 
closely related group of plant species 
Oviparae: Sexual females 
Parthenogenetic: Asexual reproduction 
Pheromone: A substance that is released from one organism and induces a response by 
another individual of the same species (intra-specific) 
Primary host: Plant on which the sexual phase of the aphid occurs 
Repellent: A chemical that causes insects to make oriented movements away from its 
source 
Secondary host: Plant on which only parthenogenetic reproduction takes place in 
heteroecious aphids. 
Semiochemical: Behaviour and development modifying chemicals 
Synergism: The enhancement of the effects of two substances that is greater than the 
sum of their individuals 
Synomone: Induces a response by the receiver that benefits the emitter and receiver 
Virginoparae: Female aphids giving birth to young by parthenogenesis 
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CHAPTER 1. INTRODUCTION 
Aphids (Stemorrhyncha; Hemiptera: Aphidoidea) occur throughout the world. 
Polyphenism and complex life cycles enable them to exploit their often ephemeral host 
plants (Blackman and Eastop, 2000). The greatest numbers of species occur in the 
temperate regions where they are the main economic insect pests of agricultural crops 
(Pickett et al, 2003). In 1986, the mean potential annual crop loss in Great Britain due 
to aphids was estimated at £70 million (Tatchell, 1989). Within this thesis aphids 
belonging only to the largest family Aphididae are considered as it contains the majority 
pest aphid species (Kennedy and Stroyan, 1959; Powell and Hardie, 2001; Birkett and 
Pickett, 2003). 
Aphids are small (1.5-3.5 mm) soft-bodied insects (Blackman and Eastop, 2000) that 
feed exclusively on sap from the vascular tissues of plants, mainly the phloem. They can 
damage plants by imbibing sap (causing wilting of the plant), injection of toxic saliva 
and the production of honeydew (encouraging sooty moulds to colonise leaf surfaces 
and decreasing photosynthesis in the plant) (Blackman, 1974). More importantly, their 
biology and feeding behaviour make them ideally suited to transmitting plant viruses. 
Aphids transmit more plant viruses than any other sap-feeding insects. Approximately, 
200 aphid species are known to transmit 275 viruses in 19 plant virus genera (Nault, 
1997). Myzus persicae (the peach-potato aphid) is the most important vector of viral 
disease, shown to transmit over 100 plant viruses (Blackman and Eastop, 2000). An 
aphid infestation in crop plants results in a reduction of biomass production, yield and 
crop quality. 
In the past, control of aphids has been achieved by the use of broad-spectrum 
insecticides specifically organophosphates, carbamates and pyrethroids. In 2004 in 
Great Britain, wheat and ware potato crops on average received two insecticide 
treatments of which 86% and 68% of insecticidal applications, respectively, were to 
control aphids. Pirimicarb, a selective carbamate aphidicide, and cypermethrin, a 
pyrethroid insecticide, accounted for 44% of insecticide treated area in potato and wheat 
crops, respectively (Garthwaite et al, 2004). The ftiture of insecticide usage looks 
compromised due to resistance (Barber et al., 1998; Devonshire et al., 1998; Wedge et 
al, 1998) and increasing political and public pressures for a safe environment (Jones, 
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1998; Luijk et al, 1998; Pretty et al, 2000; Pimentel, 2005). Myzus persicae has 
already developed resistance against most organophosphates and carbonates 
(Devonshire and Moores, 1982) including pirimicarb (Moores et al., 1994), and 
pyrethroids (Martinez-Torres et al., 1999). Thus, there is a continuous search for new 
ways of controlling aphids. One option is to interfere with the aphid's biology and 
behaviour with the use of semiochemicals (behaviour and development modifying 
chemicals) (Pickett, 1991). 
1.1. APHID BIOLOGY 
The majority of aphid species live their entire life cycle on the same species of plant, or 
a closely related group of plant species (monoecious or autoecious). Out of 4500 aphid 
species, 10% alternate between different hosts (heteroecious or dioecious) (Dixon, 
1987b; Hardie and Powell, 2002). Heteroecious aphids tend to colonise two species that 
are usually unrelated, a woody primary host in winter and an herbaceous secondary host 
in summer, usually an annual angiosperm (Blackman, 1974). It is generally this summer 
host where the aphid may be an agricultural pest. 
The annual life cycle of an aphid often includes many female parthenogenetic (asexual) 
generations, followed by one sexual generation (males and oviparae) that is concluded 
by the laying of over wintering eggs (Figure 1.1). Aphids with this asexual/sexual 
sequence of reproduction are called holocyclic. When conditions in winter permit the 
survival of an aphid, and a suitable food quality is found, the aphid may continue to 
produce parthenogenetic generations. Some species have totally lost the sexual phase 
(anholocyclic), whilst others have optional seasonal cycles with both holocyclic and 
anholocyclic forms. All Aphididae subfamilies contain genera exhibiting anholocyclic 
and holocyclic behaviour (Hardie et al., 1999; Blackman and Eastop, 2000). 
Aphids give birth to live young (viviparity). An adult aphid has embryos containing her 
daughters, which will also have developing embryos containing her granddaughters. 
This is called telescoping of generations. The process of parthenogenesis, viviparity and 
the telescoping of generations allows a shorter generation time (approximately 1 week) 
(Dixon, 1985; Dreyer and Campbell, 1987). This results in a very large population 
developing quickly (Blackman and Eastop, 2000). 
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PRIMARY HOST SECONDARY HOST 
Summer 
Parthenogenesis 
Winter 
Autumn 
Figure 1.1. A diagram of the life cycle of a holocyclic, heteroecious aphid [adapted 
from Blackman (1974)]. 1: Eggs, 2: Fundatrix, 3: Spring migrants (alate 
fundatrigeniae), 4: Apterous virginoparae, 5: Alate virginoparae, 6: Autumn 
migrants (gynoparae), 7: Males, 8: Oviparae 
During the Hfe cycle there is an alternation between winged and wingless morphs. 
Wingless (apterous) aphids have a tremendous ability for multiplication. Winged (alate) 
aphids are produced when a means of escape from the host is required e.g. when the 
nutritional status of the plant deteriorates. Alates have a strong muscular thorax and two 
membranous wings. They do not develop as quickly nor produce as many offspring as 
the apterous aphids (Blackman, 1974; Blackman and Eastop, 2000). 
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1.2. CHEMICAL ECOLOGY 
In order to survive, all living organisms have to assess continuously the environment 
they live in. Human beings rely heavily on visual and acoustic signalling to gather 
information about their environment. For other organisms chemical signalling is the 
primary source of information (Agosta, 1992). Aphids assess their environment using 
visual (via the compound eye) and chemical senses (via receptors on their antennae, 
tarsi and epipharyngeal organ) (Anderson and Bromley, 1987; Klingauf, 1987; Bemays 
and Chapman, 1994; Nault, 1997). 
Chemical ecology is "the study of the structure, function, origin and significance of 
naturally occurring compounds that mediate inter- and intraspecific interactions 
between organisms" (Millar and Haynes, 1998). Scientific understanding of the use of 
chemicals in communication within and between species is a recent development. It is 
only since the end of the 1930s that convincing evidence showed that the ability of 
female moths to attract the males was due to volatile chemical substances. Twenty years 
later (Butenandt et al, 1959) the identification of bombykol, the sex attractant of the 
female silkworm moth Bombyx mori, was achieved (summarised in Hecker and 
Butenandt, 1984). 
1.2.1. Classification of semiochemicals 
Specific chemical compounds or mixtures of chemical compounds that function in 
communication between the same (pheromones) and among different species 
(allelochemicals) are called semiochemicals [simeon (Gr.) = a mark or signal]. Table 
1.1. shows the different categories of semiochemicals. 
1.2.2. The biochemistry of semiochemicals 
A large number of insect semiochemicals are transmitted through the air. These 
chemicals need to be volatile, lipophilic molecules of low molecular weight. They are 
generally composed of between five and twenty carbon atoms combined with two or 
three heteroatoms i.e. mostly oxygen, but also sometimes sulphur or nitrogen (Pickett 
and Woodcock, 1991) 
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induce an immediate 
behavioural change 
A substance that 
RELEASER 
KAIROMONE 
Induces a response 
by the receiver 
which benefits the 
receiver but not the 
emitter 
Induces a response 
by the receiver 
which benefits the 
emitter and receiver 
SYNOMONE 
Induces a response 
by the receiver 
which benefits the 
emitter but not the 
ALLOMONE 
receiver 
A substance emitted 
benefits the receiver 
APNEUMONE 
but not the emitter 
from non-hving 
material which 
SEMIOCHEMICALS 
Behaviour and development modifying chemicals 
PRIMER 
A substance that initiate changes in 
physiology/development and induce 
no immediate behavioural change 
PHEROMONE 
A substance that is released from one 
organism and induces a response by another 
individual of the same species (intra-specific) 
A substance that is released from one 
organism and induces a response by an 
individual of a different species (inter-specific) 
ALLELOCHEMICAL 
Table 1.1. The different categories of semiochemicals (Nordlund and Lewis, 1976; 
Howse etal, 1998). 
Semiochemicals can arise via the isoprenoid biosynthesis pathway or the transformation 
of amino acids, fatty acids and some other metobolic precursors (Tillman et al., 1999; 
Field et al., 2000). The isoprenoid biosynthesis pathway produces a diverse group of 
compounds with or formed from a common structural five-carbon isoprene unit 
(Figure 1.2). These compounds are called terpenoids and terpenes. Terpenes have 
carbon skeletons formally derived from isoprene units. This class is subdivided into the 
CIO monoterpenes, CI5 sesquiterpenes, C20 diterpenes, C25 sesterterpenes, C30 
triterpenes, C40 tetraterpenes (carotenoids), and C5n>8 polyterpenes. Only C5 to C20 
are usually sufficiently volatile to act as semiochemicals (Wilson and Bossert, 1963; 
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Hick et al., 1999). Terpenoids have the same skeleton as the hydrocarbon terpenes but 
they contain hetero-atoms such as oxygen in various functional groups. 
Figure 1.2. Isoprene unit. 
1.2.3. Detection of semiochemicals by aphids 
Insects detect airborne volatiles via olfactory sensilla located on the antennae. Aphids' 
antennae are long and thin, usually comprising five or six segments (Shambaugh et al., 
1978). The primary olfactory receptors are located on the base of the terminal process 
(Figure 1.3.A) and on the distal end of the penultimate segment (Figure 1.3.B). 
Collectively these organs are called the primary rhinaria and are common in all aphids 
and morphs. The antennas of alate and some apterous adult morphs also have a number 
of smaller secondary rhinaria, especially on the third segment but possibly also on 
segments four and five (Figure 1.3.C) (Bromley et al., 1979; Park and Hardie, 2003). 
Figure 1.3. Diagram of an aphid antenna showing olfactory sensilla (Anderson and 
Bromley, 1987; Pickett et al, 1992). A: Distal primary rhinarium; B: proximal 
primary rhinarium; C: Secondary rhinaria (bar = 0.25 mm) 
The rhinaria contain placoid sensilla with multiporous plates. The proximal primary 
rhinarium contains a single placoid sensillum. The distal primary rhinarium comprises 
of three placoid sensilla (one large and two small) and four coeloconic sensilla 
(probably thermo/hygro-receptors) (Bromley et al., 1979). The secondary rhinaria 
consist of single smaller placoid sensilla. Figure 1.4 shows a diagram representing an 
aphid placoid sensillum. Sensilla can consist of one or more bipolar neurones. 
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< 
Figure 1.4. Diagrammatic representation of a placoid sensillum of an aphid. 
(Bromley et al, 1979). Bb: Basal body apparatus, Bm: Basal lamina, C: cuticle, 
Db: Dendritic branch, ds: dendritic sheath, H: Hypodermal cell, Ic: Inner cuticle, 
Oc: Outer cuticle, P; Pore, Pt: Pore tubules, Sn: Sensory neurone. To: Tormogen 
cell, Tr: Trichogen cell, v: vacuole. 
When an insect comes into contact with an airborne volatile, the odour molecule 
absorbs into the cuticular surface of the sensilla and diffuses into one of the many pores. 
Odour-binding proteins (OBPs) or chemosensory proteins (CSPs) assist the transfer of 
the odour molecule through the sensillum lymph towards a dendrite (Jacobs et al, 2005; 
Zhou et al, 2006). If the molecule then binds with a G-protein-coupled receptor the 
dendritic membrane depolarises and a nerve impulse is stimulated in the cell body 
relaying information back to the olfactory lobe in the brain. Once activation has 
occurred then degradation of the odour molecule happens in order to prevent 
interference with the recognition system. The pattern of action potentials encodes the 
strength and duration of the stimulus. Odour-binding proteins and the G-protein-
coupled receptor are involved in the recognition of the odorant molecule (Steinbrecht, 
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1996; Field et al, 2000). They and the odour molecule can be thought of as a lock and 
key, the key must properly fit the lock for it to work. 
Recordings from sensilla can be achieved by measuring the activity over the whole 
anteima [electroantennogram (BAG)] (Bjostad, 1998) or by using preparations from 
single or small groups of olfactory cells or neurones [single-cell recordings (SCR)] 
(Wadhams, 1984). Strausfeld and Hildebrand (1999) classified the neurones into two 
categories, specialists and generalists. Generalists may show a response to a number of 
chemicals but as more research is conducted this category is proving to be redundant. 
Specialists are neurones highly tuned to the detection of one particular chemical. For 
example, within the primary rhinarium on the fifth segment of the damson-hop aphid, 
Phorodon humuli, an olfactory neurone has been located which responds specifically to 
the sesquiterpene hydrocarbon (-)-y5-caryophyllene (Campbell et al, 1993). The same 
neurone elicits a response 1-2 order of magnitude less to a structurally related 
compound humulene. No response is recorded to (£)-^famesene, also structurally 
related, unless present in levels many orders of magnitude higher than would normally 
encountered in nature (Chamberlain et al., 2000). Some neurones are so specialised that 
the difference between structural isomers can be detected even at high stimulus 
concentrations (Hardie et al, 1999). 
1.2.4. Behavioural responses 
Different semiochemicals can induce different types of behavioural responses 
(Table 1.2). Isomerism (structural-, geometrical- and optical-) can strongly influence 
activity in semiochemicals. A glossary of the terminology used in describing isomerism 
is summarized in Table 1.3. Mori (1989) divided stereochemistry-pheromone activity 
relationships into ten behaviour categories including the situation in which only one 
enantiomer is active but the others are inactive (Table 1.4). 
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Table 1.2. Six types of behavioural response induced by semiochemicals (Dethier et 
al, 1960). 
Behavioural Response Description 
Locomotory stimulant 
A chemical that, in the absence of orientation cues, often 
causes the insects to disperse from an area by increasing the 
speed of locomotion or appropriately affecting the rate of 
turning. 
A chemical that, in the absence of orientation cues, often 
causes the insects to aggregate near the chemical source by 
decreasing the speed of locomotion or appropriately 
affecting the rate of turning. 
A chemical that causes insects to make oriented movements 
towards its source 
A chemical that causes insects to make oriented movements 
away from its source 
Arrestant 
Attractant 
Repellent 
Feeding, mating or 
ovipositional stimulant 
Feeding, mating or 
ovipositional deterrent 
A chemical that elicits one of these behavioural reactions 
A chemical that inhibits one of these behavioural reactions 
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Table 1.3. Basic terminology used in describing different isomers (Moss, 1996). 
Term Definition 
Structural 
Isomers 
Two or more compounds that have the same molecular formula but 
different structural formulae e.g. Molecular Formula: C4H10 
Structural Formula or 
Stereoisomers 
Diastereoisomers 
(Geometric 
Isomers) 
cis, trans 
Z,E 
Two or more compounds that have the same molecular and structural 
formula but differ in the arrangement of atoms in space. 
Stereoisomerism other than enantiomerism. Diastereoisomers (or 
diastereomers) are stereoisomers not related as mirror images. 
Diastereoisomers are characterised by differences in physical 
properties and by some differences in chemical behaviour towards 
achiral as well as chiral reagents. 
Descriptors which show the relationship between two ligands 
attached to separate atoms that are connected by a double bond or are 
contained in a ring. The two ligands lie on the same side of a plane 
their relative position is described as cis. If they are on opposite 
sides, their relative position is described as trans. For alkenes, the 
terms cis and trans may be ambiguous and have been replaced by the 
Z, E convention for the nomenclature of organic compounds. 
,^CH3 
P R 
E.g. Z-But-2-ene / \ 
H H 
and E-But-2-ene / 
H3C 
\ 
Enantiomer 
(Optical Isomers) 
Meso-isomer 
One of a pair of molecular entities which are mirror images of each 
other and non-super imposable. 
Descriptors which describe the spatial arrangement of atoms in each 
enantiomer. The chiral carbon is viewed from the side opposite the 
atom or group of lowest priority. If the other three atoms or groups 
then appear in a clockwise order of decreasing priority, the 
compound is given the prefix i?; if anticlockwise, the prefix S. 
A term for the achiral member(s) of a set of diastereoisomers which 
also includes one or more chiral centres. E.g. 
,0H 
Epimers 
HO CO2H 
Diastereoisomers that have the opposite configuration at only one of 
two or more chiral centres. 
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Table 1.4. Ten categories of stereochemistry-pheromone activity response 
relationships (Mori, 1989). 
Stereochemistry-Pheromone Example 
Activity Relationships 
Only a single enantiomer is Western pine beetle (Dendroctonus brevicomis) sex 
bioactive, and its enantiomer pheromone component (li?,55',7i?)-isomer of 
does not inhibit the action of exo-brevicomin is bioactive (Wood a/., 1976). The 
the pheromone majority (-60%) of chiral pheromones belong to this 
category 
Only one enantiomer is (i?)-Japonilure is the female-produced sex pheromone 
bioactive, and its enantiomer of the Japanese beetle {Popillia japonica) whilst 
inhibits the action of the (5)-Japonilure strongly inhibits its action 
pheromone (Tumlinson e? a/., 1977) 
Only one enantiomer is The female cigarette beetle (Lasioderma serricorne) 
bioactive, and its produces the sex pheromone (45',65',75)-serricomin. 
diastereoisomer inhibits the This enantiomer is bioactive but its (46',66',7^)-isomer 
action of the pheromone has an inhibitory effect (Mori et al, 1986) 
The natural pheromone is a Male spined citrus bug {Biprorulus bibax) does not 
single enantiomer, while its discriminate between the two enantiomers of its 
antipode or diastereoisomer is aggregation pheromone, (3i?,45',r£)-3,4-bis(r-
also active butenyl)tetrahydro-2-furanol (James and Mori, 1995) 
The natural pheromone is an Male southern pine beetles {Dendroctonus frontalis) 
enantiomeric mixture, and both produce a 85:15 mixture of (l>S,5i?)-frontalin and 
the enantiomers are separately (li?,5iS)-frontalin. Both are separately active (Payne et 
active al, 1982) 
Even in the same genus, (5)-Ipsdienol is the pheromone component of the 
different species use different California five spined ips {Ips paraconfusus), while 
enantiomers other bark beetles /. calligraphus and /. avulsus 
respond to (i?)-ipsdienol (Seybold et al, 1995) 
Both the enantiomers are Neither (i?)-sulcatol nor (5)-sulcatol causes 
required for bioactivity bioactivity in the ambrosia beetle {Gnathotrichus 
sulcatus) but a racemic mixture (ratio 35:65) is highly 
active (Borden et al., 1976) 
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Table 1.4. cont. Ten categories of stereochemistry-pheromone activity response 
relationships (Mori, 1989). 
Stereochemistry-Pheromone Example 
Activity Relationships 
One enantiomer is more active The naturally occurring trail pheromone of the ant 
than the other stereoisomer(s), Myrmica scabrinodis is a mixture of 9:1 
but an enantiomeric or a (i?)-3-octanol: (5)-3-octanol. This is more active 
diastereoisomeric mixture is than the pure (i?)-isomer whilst the pure (5)-isomer 
more active than the most active is inactive (Cammaerts and Mori, 1987) 
enantiomer alone 
One enantiomer is active on The female olive Iruit fly (Bactrocera oleae) 
male insects, while the other is produces racemic olean as its sex pheromone. Its 
active on females (i?)-isomer is active on the males, while the 
(5)-isomer is active on the females 
(Haniotakis etal, 1986) 
Only the meso-isomer is active (13i?,23iS)-Dimethyl pentatriacontane is active as 
the sex-stimulant pheromone of the female tsetse 
fly Glossina pallidipes. (13i?,23i?)-Isomer nor 
(135',235)-isomer are bioactive (McDowell et al, 
1985) 
1.2.5. Orientation 
Table 1.2. described six behavioural responses induced by semiochemicals. These terms 
describe the endpoint or provide a metaphor for the function or ultimate explanation of a 
behaviour response, but they do not describe the underlying behaviour mechanism used 
by insects for orientation or movement towards or away from the stimulus (Kennedy, 
1978; 1986; 1992). The following terms describe the orientation mechanisms involved. 
Insects' movement affected by the intensity of an external non-directional stimulus is 
called Kinesis. Klinokinesis is where frequency or rate of turning changes and 
orthokinesis is where speed varies. Stimuli responsible for such behaviour are 
temperature and humidity (Gullan and Cranston, 1994). Taxis describes movement of 
the insect in response to an external stimulus from a specific direction. For example an 
aphid moves towards the direction of the wind (anemotaxis) and chemicals 
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(chemotaxis) (Gullan and Cranston, 1994). Odour-induced anemotaxis is where the 
insect orientates to the direction of the wind as a result of stimulation by an odour 
(Bemays and Chapman, 1994). 
If no appropriate stimulus is detected then ranging behaviour occurs (Wyatt, 2004). 
Aphids' movement is orientated to an environmental stimulus to maximise the 
probability of detecting an appropriate stimuli. For example, cross wind flight enhances 
the aphids chances of detecting an odour plume from a host plant (Hardie et al, 2001). 
1.3. APHID PHEROMONES 
Pheromones [pherein (Gr.) = to transfer + hormone (Or.) = to excite] are chemicals that 
convey information between the same species (Table 1.1). Products of the insects' 
primary metabolism are converted by one or a few tissue-specific enzymes to make 
these stereochemically specific compounds (Tillman et al, 1999). It has been reported 
that aphids produce sex pheromones (Pettersson, 1970; Marsh, 1972), alarm 
pheromones (Kislow and Edwards, 1972; Nault et al., 1973), spacing pheromones 
(Pettersson et al, 1995) and aggregation pheromones (Pettersson and Stephansson, 
1991). 
1.3.1. Aphid sex pheromone 
Mature sexual female aphids (oviparae) release a sex pheromone from the hind tibiae, 
which atfracts males (Pettersson, 1970; Marsh, 1972). The sex pheromone of many 
aphid species has been shown to comprise a mixture of the monoterpenoids 
(4a^i?,75'i?,7ai?5)-nepetalactone and (li?5',4aS7?,757?,7ai?5)-nepetalactol. (Dawson et al., 
1987; Dawson et al., 1989). An exception is P. humuli. Phorodon humuli sex 
pheromone has been found to consist of two different diastereoisomers of nepetalactol. 
In the field, water fraps releasing the synthetic sex pheromone caught 3045 male 
P. humuli compared with 210 caught in the control traps (Campbell et al., 1990). The 
ratio and stereochemistry of the sex pheromone components thought to play an 
important role in aphids identifying sex pheromones being produced by the same 
species in the field (Dawson et al., 1990; Hardie et al., 1990; Lilley and Hardie, 1996; 
Hardie et al, 1997; Boo et al., 2000). 
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1.3.2. Aphid alarm pheromone 
Nault et al. (1973) provided evidence that aphids release an alarm pheromone when 
attacked or disturbed by parasitoids or predators, promoting defence or escape 
behaviour by neighbours. When aphids are attacked, a sticky droplet is secreted from 
their cornicles or siphunculi that rapidly hardens (Hottes, 1928). These droplets 
principally contain triglycerides (Strong, 1967; Greenway and Griffiths, 1973) and were 
thought to have a defence function by 'fixing' predators on contact (Hottes, 1928; Goff 
and Nault, 1974). They were also found to contain an alarm pheromone (Kislow and 
Edwards, 1972). The response to the pheromone by the receiving aphid varies - some 
jump or fall from their host-plants, some disperse by walking, while others show a 
mixture of responses (Montgomery and Nault, 1977). The majority of aphids have been 
shown to produce the sesquiterpene hydrocarbon (£)-/^famesene (EBF) as their alarm 
pheromone (Edwards et al., 1973; Pickett and Griffiths, 1980; Francis et al., 2005) but 
exceptions have been found e.g. the spotted alfalfa aphid, Therioaphis maculata, 
produces a related sesquiterpene (-)-germacrene A (Bowers et al, 1977; Nishino et al., 
1977). 
1.3.3. Other aphid pheromones 
Behavioural evidence has suggested that some aphids produce an aggregation 
pheromone, but the identification of the chemical composition has not been successful 
(Pettersson and Stephansson, 1991). An aggregation pheromone may be produced when 
an aphid has recently landed on a new host plant, signalling to others that aphid density 
is low on an unlimited supply of food or to attract others to reduce the probability of the 
individual aphid being attacked by natural enemies. At the other end of the scale, when 
aphid densities become too large, food supply will be limited and therefore the aphid 
may produce a spacing pheromone allowing better exploitation of host plant and 
decreasing intraspecific competition. Pettersson et al. (1995) investigated the possibility 
of cereal aphids producing a spacing pheromone in a four-way olfactometer. A negative 
linear relationship was found between the number of Rhopalosiphum padi (the bird 
cherry-oat aphid) apterae on excised oat leaves and number of visits apterae R. padi 
made into the arm containing the infested oat leaf volatiles. As aphid density increased 
above four aphids per cm^ restlessness in the aphid cohort increased. This work did not 
distinguish whether the effect was due to pheromones released by the aphids or a 
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change in the volatile profile of the plant. They suggested that it was unlikely to be due 
to a change in plant chemistry as a change would have to occur within 15 min, the time 
period between the aphids being placed on the plant and the experiment occurring. 
1.4. ALLELOCHEMICALS 
Allelochemicals are semiochemicals that initiate behaviour in a different species to the 
emitter (Table 1.1). They are partially employed in location of suitable host plants by 
aphids and can be used by aphid parasitoids or predators in locating prey. 
1.4.1. The use of chemical stimulation in host location by aphids 
Aphids move when conditions change i.e. changes in food quality/quantity and 
overcrowding (Visser, 1986). New host plants are required where reproduction can be 
sustained as well as the survival of the subsequent generations (Hardie et al, 2001). 
Before the condition of the plant becomes unsuitable, apterous aphids produce large 
numbers of alates (virginoparae or gynoparae) which fly to new hosts or new over 
wintering hosts (Blackman, 1974). 
All plants release volatile chemicals and the chemical profile from different plants is 
different and can be specific to that plant. These chemicals are mainly released when the 
stomata are open and include a wide variety of short chain alcohols, aldehydes, ketones, 
esters, aromatic phenols, and lactones, as well as mono- and sesquiterpenes (Bemays 
and Chapman, 1994; Pare and Tumlinson, 1996). Green plants produce a variety of 
chemicals including 6-carbon alcohols and aldehydes, formed by oxidative degradation 
of leaf lipids. These are commonly referred to as green odour or green leaf volatiles 
(Hatanaka, 1993). Many plants also produce characteristic chemicals e.g. 1-carvone is 
produced by spearmint {Mentha spicata) (Patra et al., 2001) and a range of other 
terpenoids by conifers (Martin et al., 2003). 
As these volatile chemicals are released, an odour plume is produced. In the smooth 
boundary layers of still air close (< 1 cm) to the odour source, the odour molecules are 
like a cloud around the source and a concentration gradient occurs (Bemays and 
Chapman, 1994). Further downwind from the source the odour cloud is pulled apart by 
turbulence and elongated odour-containing filaments occur (Murlis, 1997). Hardie et al. 
(2001) made the analogy of cooked spaghetti pouring out of a chimney with the strands 
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of spaghetti becoming more widely spread further away from the chimney. This 
structure to the odour plume means that further away from the source the concentration 
of odour molecules in each filament remains relatively unchanged; the odour is not 
diluted as it diffuses downwind, but the filaments are more widely dispersed (Murlis et 
al, 1992). This structure plus large-scale turbulence i.e. the changing wind direction, on 
a scale of seconds or minutes, means that an insect downwind receives an intermittent 
signal with the intermittency depending on distance from the volatile source. 
Plants cover much of the earth's terrestrial surface, which makes detecting a particular 
odour from a particular plant difficult. The specialisation of insect chemoreceptors, in 
their ability to detect specific compounds and specific ratios, enable the insect to filter 
out successfully the important chemical odours in a background 'noise' of irrelevant 
odours (Visser, 1986; Hardie et al, 2001). This and the filamentous structure of the 
odour plume assist with accurate location of a host plant. 
Studies have shown that host odour plays an important part in host location by aphids. 
Coupled GC-SCR has provided evidence that aphids can detect volatiles from non-host 
and host plants (Pickett et al., 1998). Using this technique, Aphis fabae (the black-bean 
aphid) was found to detect (li?,55)-myrtenal. In the linear-track olfactometer, 
significantly more alate A. fabae moved towards the confrol arms than the arm 
containing (li?,5>S)-myrtenal. More alates moved towards volatiles produced by broad 
bean, Vicia faba, leaves than the control arm but when these volatiles are tested with 
(li?,55)-myrtenal against a control no significant difference was seen (Nottingham et 
al., 1991; Hardie et al., 1994b). In four-way olfactometer bioassay aphids have been 
shown to move towards host-plant odours. Phorodon humuli spent more time in the arm 
containing (-)-j^caryophyllene and/or (£)-2-hexenal, two ubiquitous plant components 
present in hops Humulus lupulus, than in the control arms (Campbell et al., 1993). 
Interaction between visual and olfactory responses has also been shown. A visually 
attractive target becomes less attractive to alate A. fabae in a flight chamber when a 
non-host plant odour is present, but the presence of a host-plant odour did not affect the 
frequency of targeted flights nor the rate of climb (Nottingham and Hardie, 1993). 
Plants respond to insects feeding with an emission of chemical volatiles. The chemical 
profile is generally different to the chemical profile from an undamaged or mechanically 
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damaged plant. (Pare and Tumlinson, 1996, 1999; Dicke and Bruin, 2001). Aphid-
infested plants can produce a different volatile profile than clean plants. Quiroz et al. 
(1998b) found 6-methyl-5-hepten-2-one, (i?)-6-methyl-5-hepten-2-ol, (S)-6-methyl-5-
hepten-2-ol and 2-tridecanone to be present in volatiles collected from aphid-infested 
wheat seedlings but not in the volatile profile of intact wheat seedlings. When these 
volatiles were tested in natural proportions with intact wheat seedlings, they 
counteracted/masked the response of aphids to wheat in an olfactometer. 
The mechanical damage to plants caused by the feeding of individual aphids is thought 
to be minimal compared to other herbivores, for example those that feed by chewing 
plant tissue. Some researchers compare aphids to pathogens (Walling, 2000) and it is 
clear that many species have very intimate relationships with their host-plants. It is 
thought that the change in plant volatiles is part of the defence mechanism of plants 
against insects. They may be part of a direct plant defence mechanism by altering the 
behaviour of insect herbivores searching for a food source, or part of an indirect 
mechanism by attracting natural enemies or may be plant-plant signals inducing defence 
mechanisms in neighbouring undamaged plants. 
1.5. PLANT-PLANT COMMUNICATION 
Allelopathy has been observed for over 2000 years. Allelopathy is the release of 
chemicals from one plant which affects another plant in the vicinity, either detrimentally 
or beneficially (An et al., 1998). The chemicals can be released from the plant into the 
environment by means of four ecological processes: volatilisation, leaching, root 
exudation and decomposition of plant residues (Ninkovic, 2003). Rhodes (1983) 
proposed that willow trees could receive pheromonal signals emitted by nearby trees 
which were attacked by tent caterpillars. This would in turn induce defences in the 
uninfested tree. These early reports were dismissed by scientists as they had limited 
replication and other hypothesis were not entertained (Karban and Maron, 2002). Since 
then more robust evidence has been gathered. Aerial allelopathy (via volatilisation) has 
been shown to occur between different barley plants and can significantly affect aphid 
acceptance (Ninkovic et al, 2002) and the biomass allocation within individual plants, 
but not total biomass production, (Ninkovic, 2003). At present there is no unequivocal 
evidence that shows that an aphid infested plant 'warns' a neighbouring plant, via 
volatile chemicals, inducing defence mechanisms in the receiving plant prior to attack, 
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but certain volatile compounds can be used to elicit such effects. These compounds 
include the jasmonates. 
1.5.1. Methyl jasmonate and jasmonic acid 
Methyl jasmonate (MeJA) and jasmonic acid (JA) are important cellular regulators 
mediating diverse developmental processes, such as seed germination, flower and fruit 
development, leaf abscission and senescence. They have been found in 150 families and 
206 species and are regard as being ubiquitous in plants (Salisbury and Ross, 1991). 
Both are biosynthetic products of the lipoxygenase or octadecanoid pathway 
(Figure 1.5). When extracted from natural sources a mixture of 7-epimers 
(3i?,7i?)-MeJA/JA and (3R,7S)- 7-epi-MeJA/JA are present in a ratio of 93:7 for MeJA 
and 65:35 for JA (Beale and Ward, 1998). 
ro,H 
Linolenic acid 
i3R,7R)-JA COjH 
CO.OMe CO.OMe 
(3J?,75)-7-epi-JA (3i?,75)-7-epi-MeJA (3i?,7if)-MeJA 
CO,H 
12-0X0-10,15-(Z)-phy todienoic 
acid 
Figure 1.5. Biosynthetic route to methyl jasmonate (MeJA), jasmonic acid (JA) 
and (Z)-jasmone (Beale and Ward, 1998; Pickett and Poppy, 2001). 
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MeJA has been shown to induce plant-defence responses against pathogens 
(Vijayan et al, 1998), mechanical wounding and herbivorous insect-driven wounding 
(Avdiushko et al., 1997; Thaler et al, 2002) and has also been linked to being involved 
in plant-to-plant signalling (Farmer and Ryan, 1990; Gatehouse, 2002; Karban et al., 
2003). Atmospheric MeJA has been shown to increase proteinase-inhibitor proteins, 
lipoxygenase activity and the production of volatile C6-aldehydes. Until recently, 
(Z)-jasmone was thought to be a biological sink for the jasmonate pathway which, due 
to the high volatility of the compound, would then be removed from the plant 
(Koch etal., 1997). 
1.5.2. (Z)-Jasmone 
The heteroecious holocyclic lettuce aphid, Nasonovia ribis-nigri, alternates between a 
winter host, the black currant Ribes nigrum (Saxifragaceae), and a range of summer 
hosts including lettuce Lactuca sativa (Asteraceae) (Blackman and Eastop, 2000). hi a 
four-way olfactometer bioassay, the alate autumn migrants (gynoparae) spend more 
time in the area where volatiles produced by R. nigrum were present compared to the 
control areas whilst the alate spring (fundatrigeniae) and summer migrants 
(virginoparae) spent less time. Spring and summer migrants spent more time in the areas 
containing volatiles from lettuce plants compared to confrols. The volatile components 
of R. nigrum were collected via microwave-distillation and the spring migrants were 
found to have a sfrong negative response to a number of chemicals collected including 
(Z)-jasmone (Birkett et al., 2000). This suggests that (Z)-jasmone has a role in host 
alternation, from the primary host to the secondary host, for this aphid. 
Further studies have found that (Z)-jasmone affects the behaviour of other aphid 
species. Field trials showed that fewer spring migrants of P. humuli and cereal aphids 
were caught in hop and cereal fields sprayed with (Z)-jasmone, respectively, compared 
with traps in untreated fields (Birkett et al., 2000). The application of (Z)-jasmone to 
small-plot field experiments conducted over four years showed a significant reduction 
in the mean number of Sitobion avenue (the grain aphid) per tiller in fields sprayed with 
(Z)-jasmone compared to controls (Bruce et al., 2003a). In three seasons out of the four, 
plots were sprayed in May and were still protecting the crop significantly against 
aphids, right up until June, although this effect was partly due to the reduction in initial 
population. Sitobian avenae occurs on grasses all year round (anholocyclic), suggesting 
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that (Z)-jasmone has a role other than host alternation e.g. in plant defence or plant-to-
plant communication which is also being exploited by aphids. 
(Z)-Jasmone has been found to be produced by damaged plant tissues 
(Loughrin et al, 1995). This and other data presented above, suggested that (Z)-jasmone 
could act as a plant signalling compound. Indeed, exposure to (Z)-jasmone vapour 
caused a change in metabolic pathways and alteration in secondary plant metabolism in 
bean plants (Birkett et al., 2000). (Z)-Jasmone sensitive receptor system in plants has 
not yet been discovered, but in this study (Z)-jasmone could not be detected in the 
atmosphere after 24 h, although chemically related impurities remained, suggesting that 
it is selectively taken up by the bean plant (Chamberlain et al, 2000). This indicates that 
there is an active receptor mechanism in bean plants supporting the argument that 
(Z)-jasmone is a plant signalling compound. (Z)-Jasmone is a plant activator. 
1.6. THE USE OF SEMIOCHEMICALS IN THE CONTROL OF APHIDS 
The use of semiochemicals as an alternative method for controlling aphids is promising. 
Aphid semiochemicals can be used alone to disrupt aphid behaviour e.g. the aphid sex 
pheromone could be used to disrupt mating, but this is generally ineffective or 
insufficient in agricultural systems (Pickett et al., 1990). When semiochemicals are used 
as part of an integrated pest management (IPM) scheme better control is generally 
achieved. In IPM, they can be used to monitor aphid populations, used together with the 
exploitation of biological control agents (Hockland et al., 1986) or to manipulate insects 
as part of a trap crop system or push-pull system (Pickett et al., 1994, 1997). 
Aphids have many natural enemies including predators such as ladybirds 
(e.g. Coccinella septempunctata) and parasitoids e.g. parasitic wasps {Aphidius 
matricariae, A. ervi and A. colemani). Location of a suitable aphid host from a distance 
is predominately achieved via the use of olfactory stimuli but at close-range, visual 
stimuli can also play a role (Powell and Poppy, 2001; Turlings and Wackers, 2004). 
Aphids, host plants and the interactions between them provide two different types of 
allelochemical pathways which natural enemies can use to locate their prey (Figure 1.6). 
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Figure 1.6. Allelochemical pathways used by natural enemies to locate hosts. 
Aphid pheromones provide an ideal method for natural enemies to locate hosts as they 
are specific. The pheromone is acting as a kairomone (Table 1.1), when released by the 
aphid it induces a response by the parasitoid or predator. This method is sometimes 
called "chemical espionage" or "chemical eavesdropping". For example, the aphid 
parasitoid Praon volucre responds to the aphid sex pheromone (Hardie et al, 1991; 
Glinwood et al., 1998b). 
Non-host plant volatiles could be used to mask normal attraction or repel aphids from 
the crop. Host-plant volatiles can be used to attract aphids to a trap crop or to a 
monitoring trap. Volatiles identified from aphid infested plants can be used to promote 
natural enemy infestation. The chemicals involved in plant-to-plant communication 
(plant-activators) could be used to induce plant defence before aphid colonisation, 
promoting parasitoid invasion and deterring aphid invasion. In wind tunnel studies, 
three times more aphid parasitoids A. ervi (Hymenoptera: Braconidae) preferred 
(Z)-jasmone treated bean plants to untreated bean plants (Birkett et al., 2000). 
1.7. THESIS AIMS AND OBJECTIVES 
The overall aim of this thesis is to investigate and gain an in depth understanding of two 
potential semiochemical control strategies which could be utilised in future pest 
management programmes to control aphids as an alternative to broad-spectrum 
insecticides. The two strategies to be investigate are the aphid sex pheromone chemistry 
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and activity, and the appHcation of the plant activator, (Z)-jasmone, to sweet pepper 
plants on tri-trophic interactions. 
In order for pest control methods based upon chemical ecology to be effective the 
biological system has to be understood and the semiochemicals involved completely 
characterised. The absolute stereochemistries of the sex pheromone components of 
many aphid species have not yet been established. Only the relative structural 
stereochemistry has been determined. As Mori (1989) summarised (Table 1.4), different 
enantiomers may induce a different behavioural response from different insects and this 
is likely to be true for aphids. If different aphids produce different enantiomers, the 
understanding of how males locate oviparae of their own species will be further 
advanced and the application of using the aphid sex pheromone as part of an IPM 
system will be enhanced. The first aim of this thesis is to define the absolute 
stereochemistry of the monoterpenoids produced as part of the sex pheromone by 
different aphid species (Chapter 3). A method to determine which optical isomer is 
secreted by oviparae of a number of aphid species is to be developed. 
The second aim of the thesis is to identify any additional constituents of the aphid sex 
pheromone. Hardie et al (1990) treated virginoparae of the pea aphid, Acyrthosiphon 
pisum, with a synthetic blend of the sex pheromone components, equivalent to the 
pheromone blend produced by conspecific oviparae. The percentage attempted 
copulation by male A. pisum to these virginoparae was significantly reduced compared 
to calling oviparae. From this it may be concluded that additional components or 
mechanisms are involved in males locating conspecific oviparae. Oviparae from the 
Cryptomyzus species were found to have similar nepetalactone; nepetalactol ratios, but 
males C. galesopsidis could distinguish between the sex pheromone released by 
conspecific oviparae and from other Cryptomyzus oviparae (Guldemond et al., 1992). It 
was suggested that the sex pheromones of aphids are likely to consist of more than two 
components. Chapter 4 explores the possibility of additional chemical components to 
the monoterpenoids (4aSi?,75'i?,7a/?-S)-nepetalactone and (lRS,4aSR,7SR,7aRS)-
nepetalactol in the sex pheromone of different aphid species. 
In conjunction with the first and second aim the third aim of the thesis is to develop a 
method to investigate the behavioural response of aphids to different semiochemicals 
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using the servosphere (Chapter 5). Conventional olfactometers e.g. four-way 
olfactometers and the Y-tube, use enclosed arenas where the insect's movement is 
restricted and this may affect the behaviour of the insect. Also these bioassays do not 
distinguish between the different behavioural mechanisms underlying the behavioural 
response. An experimental arrangement that overcomes these problems is the 
'servosphere', a locomotion-compensating device (Jan van der Pers, Syntech). The 
'servosphere' allows an insect to walk in a small experimental field but without 
restricting its locomotion. A horizontal odour stream can be blown over the insect and 
its movements can be precisely recorded. Odour cues can be presented in a precise 
controlled manner and odour-conditioned anemotaxis can be recorded. 
Plant-to-plant communication also looks promising as a control mechanism for aphids. 
The affects of (Z)-jasmone as a plant activator in wheat and bean systems have been 
investigated showing that (Z)-jasmone induces plant defences against aphids (Birkett et 
al, 2000; Chamberlain et al, 2001; Pickett and Poppy, 2001; Bruce et al, 2003a; 
Pickett et al., 2007). In this thesis, the effects of (Z)-jasmone on a different plant-aphid-
natural enemy system is to be investigated. The fourth aim of this thesis is to study the 
effect of (Z)-jasmone on a sweet-pepper-based system with regard to aphid and 
parasitoid interactions (Chapter 6). 
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CHAPTER 2. GENERAL METHODS 
2.1. INSECTS 
2.1.1. Nasonovia ribis-nigri (the lettuce aphid), Megoura viciae (the vetch aphid), 
Aulacorthum solani (the glasshouse potato aphid) and Myzus persicae (the peach-
potato aphid) virginoparae 
Virginoparae came from laboratory cultures that were established from parthenogenetic 
individuals. Individuals were collected from the field at Rothamsted Research apart 
from Aulacorthum solani which were collected from fields at East Mailing Research. 
The colonies were maintained on the summer host plant of each aphid species 
(Table 2.1) at 20 ± 1°C, 60 ± 10% RH, under a 16L: 8D photoperiodic regime. These 
conditions ensure continuous asexual production. 
Table 2.1. Summer host plants of different aphid species. 
Aphid Summer Host 
Nasonovia ribis-nigri Lettuce (Lactuca sativa c.v. Webbs Wonder) 
Megoura viciae Broad Bean (Vicia faba c.v. Sutton Dwarf) 
Aulacorthum solani Sweet Pepper {Capsicum annuum c.v. Bell Boy) 
Myzus persicae Sweet Pepper {Capsicum annuum c.v. Bell Boy) 
2.1.2. Dysaphisplantaginea (the rosy apple aphid) oviparae and males 
Dysaphis plantaginea oviparae were collected from an apple {Malus silvestris 
c.v. Brabum) orchard (Leckford Fruit Farm, Leckford Estate, Hampshire, U.K.). Male 
D. plantaginea were obtained by rearing on apple {M. silvestris c.v. Brabum) in a 
control environment room (12L; 12D photoperiodic regime; photophase 16 ± 0.5°C; 
scotophase 12 ± 0.5°C). Dr Alex Stewart-Jones at The University of Southampton 
conducted the culturing. 
2.1.3. Rhopalosiphum insertum (the apple grass aphid) oviparae 
Rhopalosiphum insertum oviparae were collected from an apple (M domestica 
c.v. Bramley) orchard at East Mailing Research, Kent, UK. 
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2.1.4. Ovatus insitus oviparae 
Ovatus insitus came from a multiclonal laboratory culture (20 ± 1°C , 18L: 6D 
photoperiodic regime) that were established from parthenogenetic individuals collected 
from gipsy wort {Lycopus europaeus) by Snodland Lakes, Kent, U.K. Ovatus insitus 
sexuals were obtained by rearing two generations on hawthorn {Crataegus monogyna) 
at 15 ± 1°C, 60 ± 10% RH under a 12L; 12D photoperiodic regime. Gynoparous 
(winged individuals which produce the sexual females) females were produced in the 
first generation. Dr Colin Campbell's Group at East Mailing Research, Kent, UK 
conducted the culturing of O. insitus. 
2.1.5. Macrosiphum euphorbiae (the potato aphid) oviparae 
Aphids came from an annually restocked, multiclonal laboratory culture that was 
established from parthenogenetic individuals collected from potato fields near Quebec 
City. Macrosiphum euphorbiae sexuals were obtained by rearing two consecutive 
generations on potato (Solanum tuberosum c.v. Norland) at 20 + 1°C, 60 ± 10% RH 
under a lOL: 14D photoperiodic regime. Gynoparous females were produced in the first 
generation. Professor Jeremy McNeil's Group at Universite Laval, Canada conducted 
the culturing of M. euphorbiae. 
2.1.6. Nasonovia ribis-nigri and Megoura viciae oviparae and males 
Sexuals were obtained by rearing at 15 + 1°C, 60 ± 10% RH under a 12L: 12D 
photoperiodic regime. Ten 4^*^  instar apterae were transferred on to a summer host plant 
and left to develop and reproduce. The winter host {Ribes nigrum, blackcurrant leaves) 
of Nasonovia ribis-nigri was also placed in the culture to aid location of oviparae. Adult 
oviparae of N. ribis-nigri and Megoura viciae were removed from the cage as soon as 
they were observed in the culture. Male M. viciae were obtained from Professor Jim 
Hardie at hnperial College London, Silwood Park campus. 
2.1.7. Aphidius ervi 
The aphid parasitoid, Aphidius ervi, was purchased as mummies from Koppert 
Biological Systems (Product: Ervipar, reared on Acyrthosiphon pisum (the pea aphid) on 
V. faba). The mummies were placed in a Petri dish (9-cm diameter, Scientific 
Laboratory Supplies), and the adult parasitoids emerged into a ventilated polypropylene 
breeding cage (300 x 300 x 300 cm , Bugdorm 1, Watkins & Doncaster, Kent, UK). 
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Honey solution (1:1 honey: water) on cotton wool was provided as a food source. 
Emergence cages were kept in a controlled environment room (20°C, 25-40% RH, 
16L: 8D photoperiodic regime). All parasitoids used in the laboratory experiments were 
1-3 days-old, naive mated females. 
2.2. AIR ENTRAINMENT 
There are two main ways of collecting volatiles from insects and plants. The first 
technique involves the collection of volatiles from intact plant/insect tissues (headspace 
collection) and the second involves collection of volatiles from disrupted plant/insect 
tissues (solvent washings) (Golub and Weatherston, 1984). Headspace collection can be 
static, no air-flow, or dynamic, a continuous air flow across the plant/insect tissues. 
Headspace analysis allows samples to be collected that contain chemicals in the ratios 
similar to those found in nature due to the plant/insects being kept alive throughout the 
experiment. Also only the volatile chemicals produced by the plant are collected and 
how the volatiles change over time can be studied (Agelopoulos et al, 1999). Solvent 
washings have a number of disadvantages (Millar and Sims, 1998). These include, that 
every chemical present on the surface of the plant/insect at the time when the solvent 
washing occurred is collected which may not be a true representation of the volatile 
profile over time and post isolation, modification of the chemicals due to enzymatic 
degradation may occur. 
In this project, air entrainment (dynamic headspace analysis) was used. The 
plant/insects were confined in a glass container and purified air was pulled 
(700 ml min"^  unless specified) over the sample. The air was purified by passage 
through an activated charcoal filter. If holes in the chamber were present e.g. allowing a 
branch of a plant through the base, then a positive pressure system (Figure 2.1) was 
used in order to minimise contamination collected from the outside environment 
(Agelopoulos et al., 1999). In the positive pressure system the rate of purified air flow 
being pushed (700 ml min"^  unless specified) into the container was higher than the air 
being pulled out of the container (600 ml min"^  unless specified). Before the collection 
of volatiles commenced, purified air was pushed into the glass vessels for at least 1 h in 
order to remove any contamination. The air containing the chemical volatiles was then 
passed through a porous polymer, Porapak Q, where they were trapped. At the end of 
the air enfrainment, the volatiles were eluted from the Porapak Q with a solvent (solvent 
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desorption) and analysed by gas chromatography (GC). Solvent desorption facilitates 
confirmation of tentative identifications of chemicals present in the sample by peak 
enhancement and an end liquid sample is collected which could be used in further 
analysis i.e. electrophysiology and insect behavioural bioassays. Disadvantages 
associated with solvent desorption include a low sensitivity as only a fraction of the 
volatiles collected are analysised and the solvent peak may mask compounds with short 
retention times (Agelopoulos and Pickett, 1998; Millar and Sims, 1998; Raguso and 
Pellmyr, 1998). 
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Figure 2.1. An illustration of an air entrainment of a plant. 
2.2.1. Porapak air entrainments 
Volatiles were entrained onto Porapak Q polymers (50 mg (mesh size 50/80, Supelco) 
in a glass tube held with two plugs of salinised glass wool) which had been cleaned by 
washing with diethyl ether (5 ml) and heated to 132°C for 2 h under a stream of 
nitrogen. The volatiles were then eluted from the Porapak Q with freshly-distilled 
diethyl ether (750 |J,1). Samples collected were immediately analysed or sealed under 
nitrogen in an ampoule and stored in the freezer (-22°C). 
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2.2.2. Air entrainment of Dysaphisplantaginea oviparae 
The base of an excised apple (M silvestris c.v. Brabum) branch, with leaves infested 
with D. plantaginea oviparae (various adult ages), were placed into a glass vessel 
(500 ml) containing water. The branch was then placed into a glass entrainment vessel 
(1.5 L). A metal plate containing a hole for the apple branch was clipped to the base of 
the glass vessel (Figure 2.2). Also excised leaves heavily infested with D. plantaginea 
oviparae (various adult ages), were placed in a glass vessel (500 ml). Because 
preliminary tests showed that the quantities of pheromone released were low, 
subsequent entrainment using Porapak Q were carried out over a four-day period. The 
procedure was repeated for two additional four-day period. Volatiles were also collected 
from uninfested apple leaves and an uninfested apple branch with leaves as controls. 
Teflon tubini 
Absorbent 
Enfrainment Vessel 
Metal plate with air inlet 
I Case containing charcoal 
J filter, pumps and flow meters 
Figure 2.2. Air entrainment of Dysaphis plantaginea and Rhopalosiphum inserum 
oviparae 
2.2.3. Air entrainment of Rhopalosiphum insertum oviparae 
The base of excised apple (M domestica c.v. Bramley) branch, with leaves infested 
with R. insertum oviparae (various adult ages), was placed into a glass vessel (500 ml) 
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containing water. The branch was then placed into a glass entrainment vessel (1.5 L). A 
metal plate containing a hole for the apple branch was clipped to the base of the glass 
vessel (Figure 2.2). Air entrainments using Porapak Q, were carried out over four days. 
The procedure was repeated for three additional four-day period. Volatiles were also 
collected from uninfested apple branch with leaves as controls. This experiment was 
repeated three times using new oviparae. 
2.2.4. Air entrainment of Ovatus insitus oviparae 
The base of an excised hawthorn (C. monogyna) branches with leaves infested with 
O. insitus oviparae (various adult ages) were placed into glass vessel (500 ml) 
containing water. The branches were then placed into a glass entrainment vessel (1.5 L). 
A metal plate containing a hole for the hawthorn branch was clipped to the base of the 
glass vessel. Volatiles were collected onto Porapak Q and entrainments were carried out 
over a four-day period. The procedure was repeated for two additional four-day periods. 
Volatiles were also collected from uninfested hawthorn branches with leaves. The 
experiment was repeated three times. 
2.2.5. Air entrainment of Macrosiphum euphorbiae oviparae 
Twenty five virgin oviparae of M. euphorbiae (1 day old adults) were placed on a potato 
{S. tuberosum c.v. Norland) seedling in a glass culture vessel (2 L). Purified air was 
drawn at 1 L min"^  through the container and the volatiles were collected onto Porapak 
Q. Air entrainments were carried out over a four day period. The procedure was 
repeated for two additional four-day periods, replacing the host plant each time, to test 
for possible age-related changes in pheromone emission. Volatiles were also collected 
from potato plants infested with virginoparae as a control. The entire experiment was 
replicated three times. The tubes were sealed in glass ampoules under a stream of 
nitrogen by Professor Jeremy McNeil at the Universite Laval, Canada. 
2.2.6. Air entrainment of Nasonovia ribis-nigri oviparae 
Blackcurrant {R. nigrum) leaves infested with N. ribis-nigri oviparae (various adult 
ages) were placed into a glass entrainment vessel (2 L). Air was pulled through the 
vessel and the volatiles were entrained onto Porapak Q over a period of four days. 
Volatiles were also collected from uninfested blackcurrant leaves as a control. The 
experiment was repeated four times. 
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2.2.7. Air entrainment of Megoura viciae oviparae 
A bean (K faba c.v. Sutton Dwarf) plant infested with M. viciae oviparae (n = 25, 
various adult ages) was placed in a glass entrainment vessels (1.5 L). A metal plate 
containing a hole for the bean plant stem was clipped to the base of the glass vessel. Air 
entrainments using Porapak Q, were carried out over four days. Volatiles were also 
collected from bean plants infested with virginoparae as a control. The experiment was 
repeated four times. 
2.2.8. Air entrainment of sweet pepper {Capsicum annuuni) plants 
Eight-week-old sweet pepper plants {Capsicum annuum c.v. Bell Boy) were placed in 
glass culture vessels (5 L). A metal plate containing a hole for the sweet pepper plant 
stem was clipped to the base of the glass vessel. Volatiles were entrained onto 
Porapak Q polymers respectively. Purified air was pushed 1.2 L min"^  into the air 
entrainment vessel and pulled out of the entrainment vessel at 1.1 L min"\ The air 
entrainments were stopped after 24 h. The experiment was repeated five times. Air 
entrainment samples were concentrated under a stream of nitrogen to ~50 |il. 
2.3. GAS CHROMATOGRAPHY (GC) AND GC-MASS SPECTROSCOPY (GC-
MS) 
Gas chromatography (GC) is an analytical separation method. It is a rapid technique and 
can separate a wide range of compounds at a high resolution but the analytes have to be 
sufficiently volatile (Bartle, 1993). Throughout this project, two different types of 
column were used: a non-polar and a polar column. Non-polar columns separate the 
analytes according to volatility whereas polar columns separate the analytes by polarity 
(highly suitable for alcohols, ketones and aldehydes) (Dawes, 1993). Gas 
chromatography can be coupled with mass spectrometry (GC-MS) (Evershed, 1993). In 
mass spectrometry, a substance is bombarded with an electron beam fragmenting the 
molecule (Webster et al, 1998) and from this a tentative identification of the substance 
can be made. Tentative identification can be confirmed by performing peak 
enhancement co-injection on a number of different column types in a GC (Pickett, 
1990). Once the chemicals have been identified, the chemicals can be quantified. All 
GC machines used in this project were fitted with a flame ionization detector (FID) 
which detects linearly to a wide range of concentrations (Flanagan, 1993). 
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2.3.1. Gas chromatography (GC) analysis of solvent samples 
Solvent samples (apart from samples collected from M. euphorbiae oviparae) were 
analyzed by GC on both polar (DB-wax, 30 m x 0.32 mm ID x 0.5 |am film thickness) 
and non-polar (HP-1, 50 m x 0.32 mm ID x 0.5 |am film thickness) capillary columns 
using a HP5890 or HP6890 GC (Agilent Technologies, UK) fitted with a cool-on-
column injector, a deactivated HP-1 pre-column (1 m x 0.53 mm ID) and a FID. The 
GC oven temperature for both columns was maintained at 30°C for 1 min after sample 
injection and then raised by 5°C min"^  to 150°C, then 10°C min"^  to 240°C. The carrier 
gas was hydrogen. 
Air entrainment samples o f M euphorbiae were also analyzed by GC on a HP5890 GC 
(Agilent Technologies, UK) with the same columns but the oven conditions were 
different. The GC oven temperature for both columns was maintained at 40°C for 1 min 
after sample injection and then raised by 10°C min'^ to 240°C. The carrier gas was 
hydrogen. 
2.3.2. Gas chromatography-mass spectrometry (GC-MS) 
Chemicals collected by the air entrainments were tentatively identified using coupled 
GC-MS. The sample (1 ^1) was injected into a HP5890 GC (Agilent Technologies, UK) 
fitted with a non-polar HP-1 capillary column (50 m, 0.32 mm ID, 0.52 pm film 
thickness), a cold on column injector and a deactivated HP-1 pre-column (1 m x 
0.53 mm ID). The carrier gas was helium. The GC oven temperature was maintained at 
30°C for 5 min and then programmed at 5°C min'^ to 250°C. The GC was directly 
coupled to a VG Auto spec double-focusing magnetic sector mass spectrometer and 
integrated data system (Fisons Instruments, Manchester, UK). lonisation was by 
electron impact at 70 eV, 250°C (source temperature). This was done by Dr. Mike 
Birkett. 
2.3.3. Retention Index (RI) 
Peaks of interest can be tentatively identified by the use of Retention Indices (RIs) 
(Bartle, 1993). Retention times themselves are unreliable for identification owing to 
their dependences on numerical conditions of analysis i.e. oven temperature, length of 
the column and carrier gas flow. The RI can be used to tentatively identify peaks from 
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one day to the next and from one machine to another (same column type) (Heath and 
Dueben, 1998). The RI for a given compound is a number indicating its retention 
relative to the adjacent alkanes. The formula is: 
RI = 100(log rt (%)-log rt (z -1)) (log rt (z +1)- log rt (z -1)) +100(z- l ) 
rt = Retention time 
X = Compound of interest 
Z+l= alkane after the compound of interest 
Z-1 = alkane before the compound of interest 
2.3.4. Peak enhancement by co-injections 
To confirm the tentative identification made by GC-MS and RIs, co-injections of the air 
entrainment sample with synthetic chemical standards were performed. Solutions of the 
synthetic chemicals were made at concentrations corresponding to the amount of the 
respective chemical in the air entrainment sample. The aim was to double the area 
without increasing the width of the peak as proof of identity. 
2.3.5. Quantification of chemical components of air entrainment samples 
A multiple point external standard method was used to quantify the amount of identified 
chemical components present in the air entrainment samples. Standards of the chemicals 
were made at various concentrations (5 ng 10 ng | i r \ 25 ng 50 ng )a,r', 
75 ng nl"^  and 100 ng nl'^). Three 1 jj,I injections of each sample were analysed by GC 
on a non-polar HP-1 capillary column (section 2.3.1. for method). A regression analysis 
was performed on the corresponding areas for the chemical and amount injected. A 
regression equation was worked out: 
Amount -Intercept + Slope{Area Counts) 
Three 1 |il injections of the air entrainment sample were then injected onto the same 
column. Using the regression equation, the amount of the identified chemical in 1 |al 
was calculated. The total volume of sample was measured using a 500 ]il syringe, 
enabling the total amount of the identified chemical to be calculated. 
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2.4. ELECTROPHYSIOLOGY 
Air entrainment samples collected from plant-insect complexes contain hundreds of 
chemicals. To identify and behaviour ally test each chemical in order to identify the 
semiochemicals would be an extremely tedious and time consuming task. 
Electrophysiological techniques, first described by Schneider (1957), provide a useful 
method in the isolation and identification of semiochemicals. Insect's antennae are 
excised and suspended between two electrodes connected to a voltage amplifier, which 
in turn is connected to a computer which records and displays the voltage signal 
(Bjostad, 1998). Chemicals are blown over the antennae and if the antennae detect the 
chemical a sharp deflection in voltage is recorded follow by a slow return to baseline. 
Electroantennograms (EAG) can also be coupled to a gas chromatography machine 
(GC-EAG). Here samples containing a complex mixture of volatile chemicals i.e. air 
entrainment samples, can be injected into the GC machine where the chemicals are 
separated according to the GC column. The effluent is then simultaneously directed to 
the antennal preparation and the GC detector (Figure 2.3). The outcome is a GC trace 
coupled to an EAG trace. Peaks in the GC trace which correspond to 
electrophysiological activity can then be identified and behavioural work can 
commence, concentrating upon those compounds which are detected by the olfactory 
cells of the antennae. When using electrophysiological techniques in the identification 
of semiochemicals caution has to be taken as electrophysiologically active compounds 
are not always behaviourally active. Ms Christine Woodcock conducted the 
electroantennograms and the GC-EAG experiments. 
2.4.1. Electrophysiology preparation 
Two Ag-AgCl glass electrodes were filled with saline solution (composition as in 
Maddrell (1969), but without glucose). The insect head was excised and placed in one 
of the electrodes, and the tips of the antennae were excised and inserted into the other 
electrode. The signals were passed through a high impedance amplifier (UN-06, 
Syntech®, The Netherlands) and analysed using a customized software package (EAG 
2000 and GC-EAG 2000, Syntech®, The Netherlands). Preparations were held in a 
continuous humidified, charcoal filtered air stream (1 L min"') coming from a glass tube 
outlet which was positioned 0.5 cm from the preparation. 
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Figure 2.3. Illustration of the coupled gas chromatography-electroantennogram 
(GC-EAG) set-up. 
2.4.2. Electroantennogram 
The delivery system employed a filter paper in a disposable Pasteur pipette cartridge. 
The stimulus (2 s duration, 100 ml min'^) was delivered into a purified air stream 
(900 ml min'^ during stimulus delivery, 1 L min"^  before and after stimulus delivery) 
flowing continuously over the preparation. Solutions of pure synthetic compounds were 
made in distilled hexane and applied (10 )j,l) to a filter paper strip. The solvent was 
allowed to evaporate for 30 s before the strip was placed in the cartridge. The control 
stimulus was hexane (10 |Lil). Fresh cartridges were prepared immediately prior to each 
experiment. Responses (6 replicates) were compared for significant differences using 
Student's 
z'-test. 
2.4.3. Coupled gas chromatography-electroantennogram (GC-EAG) 
Separation of the volatiles was achieved by GC on a non-polar (HP-1, 50 m x 
0.32 mm ID x 0.52 |im film thickness) capillary column using an HP5890 GC (Agilent 
Technologies, UK) fitted with a cold on-column injector and a FID. The oven 
temperature was maintained at 40°C for 2 min and then programmed at 5°C min"' to 
100°C and then at 10°C min"' to 250°C. The carrier gas was hydrogen. The outputs 
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from the EAG amplifier and the FID were monitored simultaneously and analysed using 
the software package. Chromatograms were compared visually by overlaying traces on 
a light box and matching corresponding EAG peaks. Six replicates were done. 
2.5. INSECT OLFACTORY BIO ASSAYS 
Insect bioassays were conducted in order to assess the behaviour response of insects to 
plants or chemicals. All insect bioassays were done in a dark room at 20°C, 25-40% RH 
fitted with an extraction fan. A single light source was provided by a 22 W fluorescent 
lamp fitted with a solid state electronic ballast causing the lamp flickering rate 
(26000 Hz) to be above the insects sensitivity level (Shields, 1989). The light was held 
approximately 40 cm above the olfactometer. A sheet of opaque paper was fitted bellow 
the light source to diffuse the light which illuminated the olfactometer. An electrostatic 
mat (Grey conductive rubber mat, RS supplies) attached to the earth supply was placed 
below the bioassay in order to remove any static. After each bioassay, all parts of the 
olfactometer were washed with an aqueous solution of Teepol, 80% ethanol and 
distilled water, then air dried. The glassware was washed with Teepol in an aqueous 
solution, acetone and distilled water, then dried in an oven at 150°C for 2 h. 
Three different types of olfactometers were use within the project. Two to study aphid 
behaviour (the four-way olfactometer and the servosphere) and one to study parasitoid 
behaviour (the four-choice olfactometer). The servosphere protocol is described in 
chapter 5. 
2.5.1. Aphid bioassays: four-way olfactometer 
Pettersson (1970) designed a four-way olfactometer to assess the behavioural response 
of male aphids to oviparae of conspecific species. A slightly modified version has been 
used in this project. 
Aphid behavioural assays were done using a Perspex four-way olfactometer 
(Figure 2.4). The olfactometer had a diameter of 115 cm and consisted of three layers of 
6 mm Perspex. The layers were held together with plastic nuts and bolts. The bottom of 
the apparatus was lined with filter paper (Whatman, 110 cm diameter, Type 1). 
60 
Chapter 2 General Methods 
Flow meter 
To p u m p 
Glass Vessel 
Four-way olfactometer 
Figure 2.4. An illustration of the four-way olfactometer (showing two of the arms) 
used to assess aphid behavioural responses. Arrows show the direction of air flow. 
Air was removed from the centre of the olfactometer by a vacuum pump, buffered by a 
2 L jar (not shown in Figure 2.4) and adjusted with a flow meter to 400 ml min"'. Air 
was thus pulled through each of the four side arms at 100 ml min" ;^ again verified using 
airflow meters. Teflon tubing was used to attach a glass vessel (2 L for plant material, 
25 ml for chemicals) and a flow meter to each of the four side arms. 
Polytetrafluoroethylene (PTFE) tape was used to ensure airtight seals between the 
olfactometer and the Teflon tubing. All five holes were covered with a layer of muslin 
to prevent access by the aphid during the bioassays. A smoke test was conducted to 
ensure even air flow occurred. In order to remove any visual stimuli, the olfactometer 
was placed in the centre of a black walled box with an observation opening at the front. 
The four-way olfactometer was split into five behavioural areas (Figure 2.5). A single 
aphid was introduced into the central area (area 5). The time spent and number of 
entries into each area was recorded using specialist software (OLFA, Udine, Italy) over 
a 16 min period. The apparatus was rotated 90° every four min to eliminate bias. 
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Figure 2.5. A diagram showing the five areas of the four-way olfactometer. 
The proportion of time spent in each of the four side areas (area 1,2,3 and 4) was logit-
transformed with a correction factor in order to avoid extreme values (Rawlings et al., 
1998). The formula used was: 
x+k ^ 
z=ln , . 
1 + (A:-x)^ 
where x = proportion of time spent in area and k = correction factor (0.01 was used with 
this data) 
The following formula was used to back transform the means of the logit-transformed 
data: 
x= 
((l+^)*exp(z))-A: 
exp(z) + l 
The proportion of entries into each of the four areas (areas 1,2,3, and 4) out of the total 
number of entries was also calculated. The data was compared by ANOVA with 
randomised blocking (Montgomery, 1997) as implemented in Genstat 8.0 (Payne et al., 
2005). The analysis was used to look at two parameters: 1) the difference between the 
treated and control arms (Treatment), and 2) the difference between the three control 
arms (Number). 
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2.5.2. Parasitoid bioassays: four-choice olfactometer 
Douloumpaka and van Emden (2003) used a four-choice olfactometer to test the 
response of the parasitoid Aphidius colemani to plants. A slightly modified version 
(Figure 2.6) has been used in this project to test the behavioural response of the 
generalist parasitoid A. ervi (Vamvatsikos, 2006). 
The olfactometer was made from four cylindrical Perspex tubes (9.5 x 2.5 cm internal 
diameter) each connected to a glass vessel (2 L for plant material, 25 ml for chemicals) 
and a flow meter by Teflon tubing and a central arena by four smaller pieces of Perspex 
tubing (4 X 0.5 cm internal diameter). These small tubes protruded 2 cm into the 
cylindrical Perspex tubes but were flush with the internal surface of the central arena. 
The central arena consists of a Perspex tube (4.5 cm internal diameter x 2.5 cm height) 
and a perspex lid covered the pot firmly forming an air-tight central arena. The lid was 
fitted with a small tube connecter (0.5 cm internal diameter) by Teflon tubing to a flow 
meter and a vacuum pump, buffered by a 2 L jar. 
Flow meter 
To pump 
Glass Vessel 
Four-choice olfactometer 
Figure 2.6. An illustration of the four-choice olfactometer (showing two of the 
arms) used to assess parasitoid behavioural responses. Arrows show the direction 
of air flow. 
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Twelve mated naive female A. ervi were drawn into the central arena of the 
olfactometer by using a pooter. Moist cotton wool was placed in three arms and the 
pooter was attached to the arena's lid using the small tube. The parasitoids were pooted 
up through a 5-mm diameter tubing attached to the fourth arm. Moist cotton wool was 
then placed in the fourth arm. The insects were left to acclimatise for 15 min before the 
experiment commenced. 
In order to remove any visual stimuli, the olfactometer was placed in the centre of a 
black walled box. The cotton wool was removed from the four arms and the four 
cylindrical Perspex tubes were attached. Air was removed from the cenfre of the 
olfactometer at a flow rate of 1.6 L min'\ Air was thus pulled through each of the four 
side arms at 400 ml min"\ After 30 min, parasitoids which had entered the odour 
chambers were counted including the insects which had walked half way or more in the 
side connection tubes. 
The whole system (central arena and side arms) was rotated 90° clockwise after each 
replicate to cancel out any directional bias in the apparatus. The four odour chambers 
were numbered (1-4) in order to facilitate the rotation process. 
Chi-square was performed on the results from the four-choice olfactometer. The choice 
Chi (which tests the significance of variation between choices) and the heterogeneity 
Chi (which tests the significance of variation between the replicates) was taken into 
consideration (Gomez, 1984). 
Glinwood (1998) showed that in a four-way olfactometer (Figure 2.4) mated naive 
female A. ervi spent significantly more time in the test arm containing the sex 
pheromone components (10 |i,l 1 mg ml"' 1:1 (li?,4a5',75',7ai?)-nepetalactol: 
(li?,4aS',75',7ai?)-nepetalactone) compared to the control arms (10 |il of hexane). In order 
to test the modified four-choice bioassay and assess if the bioassay was an appropriate 
bioassay to use with A. ervi, an experiment was conducted. Two treatments (control 
(redistilled hexane), 1 mg ml"' 1:1 (li?,4aS',75',7ai?)-nepetalactol: {\R,AaS,lS,ldJi)-
nepetalactone in redistilled hexane) were tested in a randomised block experimental 
design. Each treatment (10 |il) was applied to filter paper strips and the solvent was 
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allowed to evaporate for 30 s. A filter paper strip was then placed into two of the glass 
vessels. The other two test-odour chambers were similarly treated with 10 |il of 
redistilled hexane alone on filter paper. Eight replicates were done. 
The results (Figure 2.7 and Table 2.2) show that A. ervi chose the four arms evenly in 
control conditions but significantly more A. ervi chose the arms containing the sex 
pheromone components compared to the control arms. This confirms that the set-up is 
appropriate for use with A. ervi and that a behavioural response can be recorded. In this 
report, in all bioassay experiments with A. ervi a positive control of 1 mg ml"' 
1:1 (li?,4a5,75',7a/?)-nepetalactol: (li?,4aS',75',7ai?)-nepetalactone was used. 
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Figure 2.7. The response (mean number ± S. E.) of naive mated female Aphidius 
ervi (n = 8) to aphid sex pheromone components (1:1 ratio of (4a5',75,7ai?)-
nepetalactone: (li?,4aiS',75',7ai?)-nepetalactol). *** Denotes significantly different 
from control at < 0.1% level. 
Table 2.2. Summary of hypothesis testing of the response of naive mated female 
Aphidius ervi to aphid sex pheromone components (1:1 ratio of (lii!,4aiS',75',7ai?)-
nepetalactol: (4a5',7iS',7aif)-nepetalactone) and controls (n = 8). *** Denotes 
significantly different from control at < 0.1% level, n, s. denotes not significant. 
Treatment 
Choice Chi (d. f. = 1) Heterogeneity Chi (d. f. = 7) 
F value P value F value P value 
Control 1.52 n. s. 5.37 n. s. 
1; 1 35.56 *** 7.45 n. s. 
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CHAPTER 3. IDENTIFICATION OF THE ABSOLUTE 
STEREOCHEMISTRY AND RATIO OF NEPETALACTONE AND 
NEPETALACTOL RELEASED BY OVIPARAE OF DIFFERENT 
SPECIES 
3.1. INTRODUCTION 
Mature sexual female aphids (oviparae) release a sex pheromone from scent plaques on 
their hind tibiae which atfracts conspecific males (Pettersson, 1970; Marsh, 1972, 1975). 
In 1987, Dawson et al. collected components of the sex pheromone by washing excised 
hind tibiae from Megoura viciae (the vetch aphid) oviparae using a solvent. Two major 
compounds were collected. Identification of the first compound was achieved by gas 
chromatography-mass spectrometry (GC-MS) by comparison with authenticated 
compounds isolated from catmint plants, Nepeta cataria (Lamiaceae = Labiatae) and 
N. mussinii (Eisenbraun et al., 1980). One of the chemicals, (4aS',75',7ai?)-nepetalactone 
(I, Figure 3.1) from N. cataria, co-eluted with the first compound in the sample. 
(4aS',75,7ai?)-Nepetalactone (I) was electrophysiologically active with males antennae, 
whereas its enantiomer (4a/?,7i?,7aiS)-nepetalactone (II, Figure 3.1) was 
elecfrophysiologically inactive when tested at the same level. It was concluded that 
M. viciae oviparae released (4aS',7»S',7a/?)-nepetalactone (I) as part of its sex pheromone. 
I II 
Figure 3.1.1: (4a5',75',7aJ?)-nepetalactone, II: (4ajR,7if,7aS)-nepetalactone. 
The hydride reduction of (4aj',76',7aR)-nepetalactone (I), obtained from N. cataria, 
produced two diastereoisomers, a major component (li?,4a6',75',7a/?)-nepetalactol (III, 
Figure 3.2) and a minor component (15',4aS',75',7ai?)-nepetalactol (V, Figure 3.2). By the 
use of nuclear magnetic resonance (NMR), gas chromatography (GC), GC-MS, and 
X-ray diffraction on the crystalline derivative, it was confirmed the diastereoisomer 
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produced by M viciae oviparae was identical to the major component {\R,AaS,lS,lQR)-
nepetalactol (III) (Dawson et al, 1989). The enantiomer (15',4ai?,7i?,7aiS)-nepetalactol 
(IV, Figure 3.2) was thought not to be present as it was concluded that oviparae produce 
(4ajS',75',7ai?)-nepetalactone (I) and the inversion of three chiral centres would be 
unlikely. Together with behavioural bioassays it was concluded that M viciae oviparae 
sex pheromone comprised a synergistic mixture of two compounds, {AaS,lS,laK)-
nepetalactone (I) and (li?,4aS,75',7a/?)-nepetalactol (III). 
OH OH OH 
III IV V 
Figure 3.2. Ill: (liif,4aiS',7yS',7a/?)-nepetalactol, IV: (15',4ai?,7i?,7aS)-nepetalactoI, 
V: (15',4a5,75',7a/?)-nepetalactol. 
The sex pheromone of the greenbug, Schizaphis graminium, was then investigated, but 
this time solvent washings of the hind tibiae contained neither these chemicals or 
structurally related chemicals (Dawson et al, 1988). Volatiles were then collected from 
oviparae by air entrairmient. The same two chemicals, (4a6',76',7aR)-nepetalactone (I) 
and (li?,4a^,75',7ai?)-nepetalactol (III), were identified in the air entrainment sample by 
GC and GC-MS though which enantiomer was present was not studied (Dawson et al., 
1988). This provided evidence suggesting that the pheromonal components were being 
released as soon as they were formed. In this thesis, from here on, when the enantiomer 
is unknown, (4aS'i?,757?,7a/?5)-nepetalactone refers to (4a5',75',7a/?)-nepetalactone (I) or 
(4ai?,7i?,7a5)-nepetalactone (II), and (li?5',4a5/?,7-S7?,7a/?5)-nepetalactol refers to 
(li?,4aS,75',7a/?)-nepetalactol (III) or (l»S',4a/?,7i?,7aS)-nepetalactol (IV). To date, with 
one exception [the damson hop aphid, Phorodon humuli (Campbell et al, 1990)], the 
sex pheromone of many aphid species from the subfamily Aphididae have been shown 
to comprise of a mixture of the monoterpenoids (4aSi?,75!/?,7ai?5)-nepetalactone and 
(li?5',4aS'i?,75'i?,7ai?5)-nepetalactol. 
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The ratio of the monoterpenoids released by oviparae is thought to convey species 
integrity. Volatile collections from thirteen species of oviparae have been shown to 
contain (4aS'i?,75'i?,7ai?5)-nepetalactone and {\RS,4sSRJSRJaRS)-ne^Q\.di\a.cto[ in 
different ratios (Dawson et al, 1988, 1990; Hardie et al., 1990; Hardie et al., 1992; 
Guldemond et al., 1993; Hardie et al., 1994c; Lilley et al., 1994/1995; Gabrys et al, 
1997; Boo et al., 2000). Bioassays and field trials show that males from these species 
do respond to a range of ratios of (4aS,7S,7ai?)-nepetalactone (I) and {\R,4aS,lS,laR)-
nepetalactol (III) but the behavioural response was increased towards the ratio 
identified from conspecific oviparae (Dawson et al, 1990; Hardie et al., 1990; Lilley 
and Hardie, 1996; Boo et al., 2000). 
Stereochemistry could also play an important role in male aphids identifying sex 
pheromones released by the same species in the field. Damson-hop oviparae, Phorodon 
humuli, release a mixture of two diastereoisomers, (15',4ai?,75',7aiS)-nepetalactol (VI, 
Figure 3.3) and (li?,4ai?,75',7aS)-nepetalactol (VII, Figure 3.3) (Campbell et al., 1990). 
These compounds have an alternative stereochemistry at C-4a and C-7a compared to the 
nepetalactol identified from other species. Male P. humuli responded 
elecfrophysiologically to a mixture of these two diastereoisomers as well as the two 
compounds identified in other species sex pheromone [(4aiS',75',7a/?)-nepetalactone (I) 
and (li?,4a^,75',7ai?)-nepetalactol (III)] (Campbell et al., 2003). In the field, male 
P. humuli were caught in significantly higher amounts in traps containing the mixture of 
diastereoisomers, (15',4ai?,75',7a5)-nepetalactol (VI) and (l^,4ajR,76',7a6)-nepetalactol 
(VII), compared to traps containing the two other chemicals [(4a6',76',7a/()-
nepetalactone (I) and (li?,4aS',75',7ai?)-nepetalactol (III)] (Pope et al., 2007). The 
detection of the chemicals released by oviparae of other species may assist in 
discrimination of the sex pheromone released by conspecifics and other species. 
OH OH 
o 
VI VII 
Figure 3.3. VI: (15,431?,75",7a5)-nepetalactol, VII: (li?,4ai?,75',7aiS)-nepetalactol. 
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As Mori (1989) summarised (Chapter 1, Table 1.4.), different enantiomers can also 
induce a different behavioural response with different insects and this is likely to be true 
for aphids. The ability of aphids to distinguish between different enantiomers or 
mixtures of enantiomers has already been demonstrated. For example, as already 
discussed in chapter 1, the two enantiomers (i?)-6-methyl-5-hepten-2-ol and (S)-6-
methyl-5-hepten-2-ol are released from aphid infested wheat seedlings. No behavioural 
response by Rhopalosiphum padi (the bird-cherry oat aphid) was recorded when the 
single enantiomers were tested in a four-way olfactometer but R. padi spent less time in 
the area where mixtures of the enantiomers were present (Quiroz and Niemeyer, 1998a). 
It was concluded that a synergism between the enantiomers occurred. 
To date, only one study has looked at the response of male aphids to different 
enantiomers of the aphid sex pheromone components. In 1997, Hardie et al. conducted a 
field trial to test if catches of R. padi was altered due to the enantiomers of the sex 
pheromone components. Different purities of the (4aS'i?,75'i?,7a/?5)-nepetalactone 
enantiomers [99% and 95% (4aS',75',7ai?)-nepetalactone (I), 98% (4a^,7i?,7aS)-
nepetalactone (II) and racemic (50% I and 50% II)] were synthesised from citronellol. 
The nepetalactones were then reduced to the corresponding enantiomers 
(li?,4a5,75',7a/?)-nepetalactol (III) and (15',4ai?,7i?,7a^-nepetalactol (IV), and placed in 
glass vials which were suspended in water fraps. In previous field studies, water fraps 
containing (li?,4a5',75',7ai?)-nepetalactol (III) alone caught significantly higher numbers 
of R. padi compared to other ratios of (4a6',76',7a/()-nepetalactone (I) and 
(li?,4aS,75',7a/?)-nepetalactol (III) (Hardie et al, 1994c). Rhopalosiphum padi were 
caught in significantly higher amounts in water traps releasing synthetic 99% 
(li?,4aS,75',7ai?)-nepetalactol (III) compared to traps releasing 98% (\S,4aR,7R,7aS)-
nepetalactol (IV). It was concluded that the presence of the {lS,4aR,7R,7aS)-
nepetalactol (IV) reduced the male response to (li?,4a5',7-S',7ai?)-nepetalactol (III). 
The absolute stereochemistry of the sex pheromone of many aphid species has not yet 
been established. Only the relative structural stereochemistry has been determined. In 
order for confrol methods based on the use of the aphid sex pheromone to be successfiil, 
the chemicals and ratios involved have to be completely characterised. If oviparae of 
different species release different enantiomers and ratios, the understanding of how 
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males locate oviparae of their own species will be further understood and could be 
exploited as part of an IPM system. 
3.1.1. Aim and objectives 
The aim of this chapter is to define the absolute stereochemistry of the monoterpenoids 
from oviparae of different species. The hypothesis is that different species release 
different ratios and enantiomers of the two monoterpenoids, (4aSR,7SR,7diRS)-
nepetalactone and (li?5',4aSi?,75'i?,7ai?5)-nepetalactol, in order to convey species 
integrity. The null hypothesis to be tested is that different species release the same ratios 
and enantiomers of the two monoterpenoids. This comprises of five objectives: 
• To collect the sex pheromone from oviparae of different species 
Volatiles are collected by air entrainment from oviparae of six aphid species. Two 
ovipara species which colonises apple {Mains spp.) as the main primary host: Dysaphis 
plantaginea (the rosy apple aphid) which is the second most important pest of apple in 
Europe (Blommers et al, 2004) and the Rhopalosiphum insertum (the apple grass 
aphid) (Blackman and Eastop, 2000). Ovatus insitus which colonises hawthorn 
{Crataegus spp.), medlar {Mespilus germanica) and possibly apple {Mains spp.) as the 
primary host (Blackman and Eastop, 2000). Two ovipara species which are pests of 
their secondary hosts: Macrosiphum enphorbiae (the potato aphid), an important pest of 
potatoes and tomatoes (Lange and Bronson, 1981; Blackman and Eastop, 2000), and 
Nasonovia ribis-nigri (the lettuce aphid), a major pest of lettuce (Barber et al., 1998). 
The primary host of M enphorbiae is Rosa spp. whereas the primary host of N. ribis-
nigri is Ribes spp. Finally, volatiles are collected firom M. viciae, a monoecious aphid 
which colonises Vicia spp. and is a plant virus vector (Blackman and Eastop, 2000). As 
already outlined, original identification of the two components of the aphid sex 
pheromone was conducted on volatiles collected from M. viciae but the absolute 
stereochemistry of the components collected was not defined (Dawson et al., 1987; 
Dawson et al, 1989). 
• Identify and quantify the presence of nepetalactone and nepetalactol in 
samples collected. 
The identification and quantification of nepetalactone and nepetalactol from oviparae of 
different species is achieved by gas chromatography (GC) and gas chromatography-
mass spectrometry (GC-MS). 
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• To develop a method to differentiate between the enantiomers of 
(4aS'if,75'ii!,7aif5)-nepetalactone and (li?>S',4aS'i?,75'i?,7aif5)-nepetalactol. 
Enantiomers have identical physical and chemical properties as long as they remain in 
an achiral (symmetrical) environment (Taylor, 1993). There are two methods which can 
be used to identify which enantiomer is present in a sample (Wadhams, 1987). The first 
method is to use a chiral GC column. Enantiomers can be directly injected onto a GC 
column and are resolved due to the interactions with the chiral (asymmetrical) stationary 
phase (Taylor, 1993). There are many commercially available chiral columns but the 
most successfully used are based on cyclodextrin derivatives (Taylor, 1993; Mori, 
1998). The exact molecular mechanism as to how they discriminate between different 
enantiomers is not fully understood (Mori, 1998). In this objective, synthetic standards 
of (4^5,75,7ai?)-nepetalactone (I), (4ai?,7i?,7aS)-nepetalactone (II), (lR,4aS,7S,7aR)-
nepetalactol (III) and (15',4ai?,7i?,7aS)-nepetalactol (IV) are injected onto a cyclodextrin 
based chiral column to assess if separation occurs. If separation does not occur then the 
second method, derivatisation of the enantiomers with a chiral reagent to make two 
diastereoisomers, is investigated. Diastereoisomers have different properties and can 
therefore be separated using GC or distinguished by NMR (Taylor, 1993). 
• To determine the enantiomer (4aS'i?,75'i?,7a/?5)-nepetalactone and 
(ljR5',4aS'if,75'J?,7ai?iS)-nepetalactol released by oviparae of different species. 
If separation of the enantiomeric pairs occurs by chiral GC, then co-injections with the 
air entrainment samples and the synthetic enantiomers are done to identify which 
enantiomer is being released by different species (Mori, 1998). However, if 
derivatisation with a chiral agent is required for separation then the air entrainment 
sample collected from the oviparae is derivatised in the same manner and compared to 
derivatised synthetic standards by NMR or GC. 
• To determine the enantiomer of (li?5',4aiS'i?,75i?,7a/?5)-nepetalactol 
prepared from Catmint, Nepeta cataria (Lamiaceae = Labiatae), essential oil. 
(4aS,75',7ai?)-Nepetalactone (I) is extracted from catmint, N. cataria on a commercial 
scale. The nepetalactone is then reduced to produced nepetalactol (Birkett and Pickett, 
2003). The method used to determine the absolute stereochemistry of nepetalactol is 
also used to determine the enantiomer of (li?5',4aiS7?,757?,7ai?5)-nepetalactol prepared 
from N. cataria, essential oil. 
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3.2. METHODS 
3.2.1, Collection, identification and quantification of (4aSR,7SR,7aRS)-
nepetalactone and (lJ?5',4aS'i?,75'i?,7ai?5)-nepetalactol collected from oviparae of 
different species 
Volatiles from D. plantaginea, R. insertum, O. insitus, M. euphorbiae, N. ribis-nigri and 
M. viciae oviparae were collected by air entrainment (section 2.2) using Poropak Q 
polymers. The volatiles were analysed by GC (on a polar and a non-polar column) and 
by GC-MS (section 2.3). Retention indices (section 2.3.3) for available nepetalactone 
and nepetalactol isomers are shown in Table 3.1. Confirmation of the tentative 
identification of the presence of nepetalactone and nepetalactol in the samples was done 
by co-injection (section 2.3.4). Quantification of these two chemicals by the use of an 
external standard (section 2.3.5) was also performed. 
Table 3.1. Retention indices (RIs) of nepetalactone and nepetalactol isomers 
available on two different types of GC column. 
RI 
Compound 
HP-1 DB-Wax 
(4a5,7<S',7ai?)-nepetalactone (I) 1326 2001 
(4aS',75',7aS)-nepetalactone 1363 2066 
(4ai?, 75,7aS) -nepetalactone 1362 2088 
(li?,4a5,76',7ai?)-nepetalactol (III) 1294 2121 
(15',4a/?,75',7aS)-nepetalactol (VI) 1357 2078 
3.2.2. Synthetic standards 
3.2.2.1. (4aS,7S,7aR)-nepetalactone (I), (lR,4aS,7S,7aR)-nepetalactol (III) and 
(lS,4aR, 7R, 7aS)-nepetalactol (IV). 
(4aiS',75',7ai?)-nepetalactone (I), (li?,4a5',75',7ai?)-nepetalactol (III), and 
(15',4ai?,7i?,7a5)-nepetalactol (IV), were synthesised by Dr. D. Smiley as stated in 
Dawson et al. (1996). 
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3.2.2.2. (4aS,7S,7aS)-nepetalactone, (4aR,7S,7aS)-nepetalactone and (IS, 
4aR, 7S, 7aS)-nepetalactol (VI) 
(4a6',76',7a6)-Nepetalactone and (4ai?,75,7aS)-nepetalactone were extracted from Nepeta 
mussinii with diethyl ether. The compounds were purified and separated by a florisil 
column. The extraction and purification was done by Mrs L. Ireland. (15',4a^,76',7a6)-
Nepetalactol (VI) was synthesised by reduction of (4a/?,75',7aS)-nepetalactone with 
diisobutylaluminium hydride (DIBAL-H) by Dr. A. Hick. 
3.2.2.3. Preparation of (4aR,7R,7aS)-nepetalactone (II) from (lS,4aR,7R,7aS)-
nepetalactol (IV) 
(15',4ai?,7i?,7aiS)-Nepetalactol (IV) (50 mg, 0.3 mmol) dissolved in dichloromethane 
(1 ml) was added slowly to a solution of pyridinium chlorochromate (320 mg, 
1.45 mmol) in dichloromethane (4 ml). The reaction was stirred for 4 h. The solvent was 
then removed by rotary evaporation and the residue purified on a silica gel column 
eluted with 20% diethyl ether in petroleum ether (40-60°C boiling fraction). Fractions 
containing (4ai?,7i?,7a^-nepetalactone (II) were combined and evaporated to dryness 
(34 mg). The residue was redissolved in deuterochloroform for NMR (section 3.2.4.3) 
and GC analysis. The product was analysed on a HP5890 GC (Agilent Technologies, 
UK), fitted with a non-polar HP-1 cross-linked methyl silicone capillary column (10 m, 
0.32 mm ID, 0.52 pm film thickness), a cold-on-column injector and a flame ionisation 
detector (FID). The GC oven temperature was maintained at 40°C for 1 min and then 
raised by 10°C min'^ to 250°C. The carrier gas was hydrogen. 
3.2.3. Separation of (4a5'i?,75'i?,7aif5)-nepetalactone and (li?5',4ai$/?,75'if,7ai?5)-
nepetalactol enantiomers by chiral gas chromatography 
The enantiomers of (4a5i?,7S/?,7ai?5)-nepetalactone and {\RS,4aSRJSR,l2iRS)-
nepetalactol derived from synthetic preparation, were analyzed by GC on a 
y^cyclodextrin chiral capillary column (30 m x 0.25 mm ID x 0.25 pm film thickness) 
using a HP5890 GC (Agilent Technologies, UK) fitted with a cool-on-column injector 
and a FID. The GC oven temperature was maintained at 30°C for 1 min after sample 
injection and then raised by 5°C min"' to 80°C where it was held for 20 min, then 
5°C min"' to 180°C. The carrier gas was hydrogen. Two enantiomers pairs of linalool 
oxide were used to test the column resolution. 
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3.2.4. Separation of (li?5,4aS'i?,75'i?,7aitS)-nepetalactol enantiomers by 
derivatisation 
3.2.4.1. Preparation of diastereoisomeric derivatives from the two enantiomers of 
synthetic (lRS,4aSR,7SR,7aRS)-nepetalactol and of (lRS,4aSR,7SR,7aRS)-
nepetalactol prepared from Catmint, Nepeta cataria (Lamiaceae = Labiatae), essential 
oil 
Enantiomers of (li?6',4a^S'i?,75'i?,7ai?5)-nepetalactol (20 mg, 0.12 mmol), from synthesis, 
were dissolved in dichloromethane (1 ml) imder nitrogen. A solution of 40 mg 
(0.16 mmol) (5)-(+)-a-methoxy-a-(trifluoromethyl)phenylacetyl chloride [(5)-Moshers' 
acid chloride] and pyridine (25 |il) in dichloromethane (1 ml) prepared under nitrogen 
was added, together with a few crystals of dimethylaminopyridine (DMAP). The 
reaction was stirred overnight (Figure 3.4). NMR analysis of an aliquot showed 
complete esterification of nepetalactol. The solvent was then removed under a stream of 
nitrogen and the residue purified on a florisil column eluted with 10% diethyl ether in 
petroleum ether (40-60°C boiling fraction). Fractions containing the Mosher's ester 
were combined and evaporated to dryness. The residue was redissolved in 
deuterochloroform for and ^^ F NMR and GC analysis. 
OH 
O (S)-Mosher's acid chloride 
Pyridine, DMAP, CH2CI2 
m VIII 
(S)-Mosher's acid chloride 
Pyridine, DMAP, CHjCU 
IV rx 
Figure 3.4. Transformation of (li?,4aiS',75',7aif)-nepetalactol (III) and its 
enantiomer (TV) to the corresponding Mosher's ester (VIII and IX). 
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The protocol was also used to determine the stereochemistry of the biologically active 
(li?5',4aS'i?,75/?,7a/?iS)-nepetalactol prepared from catmint, N. cataria, essential oil 
(Birkett and Pickett, 2003). 
3.2.4.2. Preparation of diastereoisomeric derivatives from the volatiles sample 
collected from oviparae 
Air entrainment samples collected from oviparae of different species (Table 3.2) were 
concentrated under a sfream of nitrogen and dissolved in dichloromethane (0.5 ml) 
under nitrogen. A solution of (5)-(+)-a-methoxy-a-(trifluoromethyl)phenylacetyl 
chloride (40 mg, 0.16 mmol) and pyridine (25 |il) in dichloromethane (0.5 ml) prepared 
under nitrogen was added, together with a few crystals of DMAP (Figure 3.4). The 
reaction was stirred overnight. The solvent was then removed under a sfream of nitrogen 
and the residue partially redissolved in 10% diethyl ether in pefroleum ether (40-60°C 
boiling fraction). The insoluble material was discarded by decanting off the soluble 
portion. The solvent was then removed under a stream of nifrogen and the residue 
redissolved in deuterochloroform for NMR and GC analysis. 
Table 3.2. Approximate amount of (lif5',4aiS'if,75'i?,7a/?5)-nepetalactol in air 
entrainment samples collected from oviparae of different species and used in 
derivatisation. 
Species Approximate Amount (p,g) 
Dysaphis plantaginea 50 
Ovatus insitus 5 
Macrosiphum euphorbiae 37 
Nasonovia rihis-nigri 110 
Megoura viciae 3 
3.2.4.3. NMR 
^H, and '^F NMR spectroscopy was performed using a Bruker 500 Avance NMR 
spectrometer with referenced to CDCI3 (7.25 ppm), '^C to CDCI3 (77.0 ppm) and '^F 
to CFCI3 (0 ppm). Quantitative 'H NMR specfroscopy was performed using a pulse 
angle of 30°, an acquisition time 5T1 (with T1 measured to be 2.5 s) and a delay of 5 s. 
Dr. Tony Hooper performed the NMR analysis. 
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3.2.4.4. Gas Chromatography 
Samples were analysed on a Hewlett Packard 5890 gas chromatograph, fitted with a 
non-polar HP-1 cross-linked methyl silicone capillary column (40 m, 0.32 mm ID, 
0.52 |am film thickness), a cold-on-colunm injector and a flame ionisation detector 
(FID). The GC oven temperature was maintained at 40°C for 1 min and then raised by 
10°C min"^  to 200°C. The carrier gas was nitrogen. 
3.3. RESULTS 
3.3.1. Identification of nepetalactone and nepetalactol in air entrainment samples 
collected from oviparae of different species 
Peaks with the same RI of (4a6',75',7ai?)-nepetalactone (I) and (li?,4aS',75',7a/?)-
nepetalactol (III) were identified in the air entrainment samples collected from oviparae 
of different species. Co-injections using non-polar (HP-1) and polar (DB-Wax) columns 
confirmed (4^57?,7/5^,7ai?5)-nepetalactone (Figure 3.5 and Figure 3.6) and 
(li?/S',4a^i?,757?,7ai?5)-nepetalactol (Figure 3.7 and Figure 3.8) to be present in the 
samples from D. plantaginea. They were also present in the air enfrainment samples 
from R. insertum (Appendix A.l and Appendix A.2), O. insitus (Appendix B.l), 
M. euphorbiae (Appendix C.l and Appendix C.2), N. ribis-nigri (Appendix D.l) and 
M viciae (Appendix E.l). The presence of nepetalactone and nepetalactol was 
confirmed by GC-MS. 
The air enfrainment confrols of apple leaves (Figure 3.9) hawthorn leaves (Appendix 
B.2), blackcurrant leaves (Appendix D.2) and bean plants infested with M viciae 
virginoparae (Appendix E.2), did not contain peaks with RI values corresponding to 
(4a^,75',7ai?)-nepetalactone (I) and (l^,4a6',76',7a/()-nepetalactol (III) The air 
entrainment of potato leaves infested with M euphorbiae virginoparae contained a peak 
with the same RI as (4a6',76',7a^)-nepetalactone (I) on the polar column (Appendix C.3) 
and a peak with the same RI as (li?,4a5',75',7ai?)-nepetalactol (III) on the non-polar 
column (Appendix C.4). Co-injections and GC-MS confirmed that nepetalactone and 
nepetalactol were not present. 
No peaks corresponding to the RIs of (4&$',76',7a6)-nepetalactone, (4a/?,75',7a5)-
nepetalactone or (15',4a^,76',7a6)-nepetalactol (VI) were present in any of the air 
entrainment samples. 
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Figure 3.5. GC trace from a non-polar column (HP-1) of (A) Dysaphis plantaginea 
oviparae air entrainment sample, (B) Z>. plantaginea oviparae air entrainment 
sample co-injected with synthetic (4aiS',75,7ai?)-nepetalactone (I), and 
(C) synthetic (4aS',75',7ai?)-nepetalactone (I). * Denotes peak enhancement of 
(4a5,75',7aif)-nepetalactone (I). 
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Figure 3.6. GC trace from a polar column (DB-Wax) of (A) Dysaphis plantaginea 
oviparae air entrainment sample, (B) D. plantaginea oviparae air entrainment 
sample co-injected with synthetic (4aiS',75',7a/f)-nepetalactone (I), and (C) synthetic 
(4a^,7«S',7ai?)-nepetalactone (I), * Denotes peak enhancement of {4aS,lS,l^R)-
nepetalactone (I). 
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Figure 3.7. GC trace from a non-polar column (HP-1) of (A) Dysaphis plantaginea 
oviparae air entrainment sample, (B) D. plantaginea oviparae air entrainment 
sample co-injected with synthetic (li?,4aiS',75',7ai?)-nepetalactol (III), and 
(C) synthetic (l/f,4aS',75',7aR)-nepetalactol (III). * Denotes peak enhancement of 
(li?,4aiS',75',7ai?)-nepetalactol (III). 
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Figure 3.8. GC trace from a polar column (DB-Wax) of (A) Dysaphis plantaginea 
oviparae air entrainment sample, (B) D. plantaginea oviparae air entrainment 
sample co-injected with synthetic (li?,4aS',7iS',7a/?)-nepetalactol (III), and 
(C) synthetic (li?,4a5',75',7aif)-nepetalactol (III). * Denotes peak enhancement of 
(lif,4a5,75',7aif)-nepetalactol (III). 
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Figure 3.9. GC trace from a non-polar column (HP-1) of (A) apple leaves air 
entrainment sample, (B) synthetic (ljR,4aiS',75',7aif)-nepetalactol (III) and 
(C) synthetic (4aS',75',7aR)-nepetalactone (I). 
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3.3.2. Identification of the enantiomer of (4aS'i?,75'i2,7a/?5)-nepetalactone collected 
from oviparae of different species 
3.3.2.1. Preparation of (4aR,7R,7aS)-nepetalactone (II) from (lS,4aR,7R,7aS)-
nepetalactol (IV) 
The oxidation of (15',4ai?,7i?,7aS)-nepetalactol (IV) to (4ai?,7i?,7a5)-nepetalactone (II) 
and subsequent purification was successful (Figure 3.10). A yield of 70% was obtained 
and the purity was 91%. 
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Figure 3.10. GC trace from a non-polar column (HP-1) of (A) product 
(4ai?,7i?,7a5)-nepetalactone (II) (B) co-injection with standard {AslS^IS^IslR)-
nepetalactone (I), and (C) product (4ai?,7i?,7aiS)-nepetalactone (II) and starting 
material (liS',4aif,7i?,7a5)-nepetaIactol (IV). * Denotes peak enhancement of 
(4aiS',75',7ai?)-nepetalactone (I), 
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3.3.2.2. Separation of (4aS,7S,7aR)-nepetalactone 
nepetalactone (II) by chiral gas chromatography 
(I) and (4aR, 7R, 7aS)-
Enantiomers (4a5',75,7ai?)-nepetalactone (I) and (4a/?,7i?,7aS)-nepetalactone (II) were 
resolvable by chiral GC (y^cyclodextrin column) (Figure 3.11). 
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Figure 3.11. GC trace from a chiral column (y^cyclodextrin) showing separation of 
(4a>S',75',7aif)-nepetalactone (I) and (4ai?,7i?,7aS)-nepetalactone (II). * Denotes 
peak for (4aS',75',7ai?)-nepetalactone (I). * Denotes peak for (4a/?,7i?,7aiS)-
nepetalactone (II). 
3.3.2.3. Identification of the enantiomer of nepetalactone collected from oviparae of 
different species using chiral gas chromatography 
Co-injections with (4aS',75',7ai?)-nepetalactone (I) synthetic standard and air 
entrainment samples using a chiral column (y&cyclodextrin) confirmed (4aS,75,7ai?)-
nepetalactone (I) to be present in the samples collected from D. plantaginea 
(Figure 3.12), O. insitus (Appendix B.3.), N. ribis-nigri (Appendix D.3.) and M. viciae 
(Appendix E.3.) oviparae. Co-injections with (4ai?,7i?,7aS)-nepetalactone (II) synthetic 
standard and air entrainment samples confirmed that (4a/?,7i?,7aS)-nepetalactone (II) 
was not detected in the air entrainment samples from O. insitus (Appendix B.3.), 
N. ribis-nigri (Appendix D.3.) and M. viciae (Appendix E.3.) oviparae but may be 
present in the sample collected from D. plantaginea oviparae (Figure 3.13). Chiral 
GC-MS suggested the two peaks in the air entrainment sample collected from 
D. plantaginea oviparae corresponding to (4aS,75',7a/?)-nepetaIactone (I) and 
(4a/?,7i?,7a5)-nepetalactone (II) were nepetalactone. 
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Figure 3.12. GC trace from a chiral column (y^cyclodextrin) of (A) Dysaphis 
plantaginea oviparae sample, (B) D. plantaginea oviparae sample co injected with 
synthetic (4aS',75',7ai?)-nepetalactone (I) and (C) synthetic (4aS',75',7a/?)-
nepetalactone (I). * Denotes peak enhancement for (4aS',75',7ai?)-nepetalactone (I). 
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Figure 3.13. GC trace from a chiral column (y^cyclodextrin) of (A) Dysaphis 
plantaginea oviparae sample, (B) D. plantaginea oviparae sample co injected with 
synthetic (4aJ?,7i?,7a5)-nepetalactone (II) and (C) synthetic (4a/?,7i?,7aiS)-
nepetalactone (II), * Denotes peak enhancement for (4a/?,7i?,7aS)-nepetalactone 
(II). 
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GC analysis of the air entrainment sample collected from R. insertum oviparae could not 
conclusively determine the stereochemistry of the nepetalactone due to other co-eluting 
peaks. The (4aS'i?,75'i?,7ai?5)-nepetalactone enantiomer collected from M. euphorbiae 
was not determined as all the air entrainment sample collected was required to define 
the absolute stereochemistry of (li?5',4a5'i?,75'i?,7ai?iS)-nepetalactol (section 3.2.4.2). 
3.3.3. Identification of the enantiomer of (lists',4357?,75'i?,7aif5)-nepetalactol 
collected from oviparae of different species and prepared from Catmint, Nepeta 
cataria (Lamiaceae = Labiatae), essential oil 
3.3.3.1. Separation of (lR,4aS,7S,7aR)-nepetalactol (III) and (lS,4aR,7R,7aS)-
nepetalactol (IV) by chiral gas chromatography 
The enantiomers (li?,4a5',75',7ai?)-nepetalactol (III) and (15',4a/?,7i?,7aS)-nepetalactol 
(IV) were unresolvable by chiral GC (y^cyclodextrin column) (Figure 3.14). 
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Figure 3.14. GC trace showing poor separation of (lif,4a5,7)S',7ai?)-nepetalactol 
(III) and (15',4ai?,7i?,7a5)-nepetalactol (IV) when using a chiral column 
(yff-cyclodextrin). 
3.3.3.2. Identification of the enantiomer of nepetalactol collected from oviparae of 
different species using diastereoisomeric derivatives 
The diastereoisomeric derivatives from the two synthetic enantiomers (li?,4a5',75',7a/?)-
nepetalactol (III) and (15,4ai?,7i?,7aiS)-nepetalactol (IV) were analysised by 'H, '^C and 
19 F NMR. 
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(1 /S',4aS',75,7a/?)-Nepetalactolyl (5)-(+)-(a)-methoxy-(a)-trifluoromethylphenylacetate 
(VIII): NMR (500 MHz, CDCI3) 5 7.52 (2H, m, ortho-R aromatic), 7.40-7.37 (3H, 
m, meta- andpara-E. aromatic), 6.20 (IH, d, J= 2.9 Hz, H-1), 5.87 (IH, br s, H-3), 3.52 
(3H, s, OMe), 2.46 (IH, br q, J= 6.2 Hz, H-4a), 1.90 (IH, m, H-5), 1.87 (IH, m, H-7), 
1.84 (IH, m, H-6), 1.79 (IH, m, H-7), 1.51 (IH, m, H-5), 1.42 (3H, s, 4-Me), 1.19 (IH, 
m, H-6), 1.08 (3H, d, / = 6.4 Hz, 7-Me); NMR (125 MHz, CDCI3) 5 165.6 (CO), 
133.1 (C3), 131.8 (CI3, 129.6 (€4"), 128.3 (C33, 127.6 (C2", q, / = 1.9 Hz), 123.2 
(C3', q, J = 286.6 Hz), 114.3 (C4), 93.3 (CI), 84.6 (C-2, q, / = 27.6 Hz), 55.3 (OMe), 
48.9 (C7a), 36.7 (C4a), 34.9 (C7), 33.0 (C6), 28.7 (C5), 19.6 (7-Me), 15.7 (4-Me); 
NMR (470 MHz, CDCI3) 5-72.69 (CF3). 
(li?,4ai?,7i?,7aS)-Nepetalactolyl (5)-(+)-(a)-methoxy-(a)-trifluoromethylphenylacetate 
(IX): ^H NMR (500 MHz, CDCI3) 5 7.55 (2H, m, ortho-R aromatic), 7.40-7.35 (3H, m, 
meta- and para-Yi aromatic), 6.16 (IH, d, J = 3.5 Hz, H-1), 5.98 (IH, br s, H-3), 3.56 
(3H, s, OMe), 2.44 (IH, br q, / = 6.7 Hz, H-4a), 1.89 (IH, m, H-5), 1.85 (IH, m, H-7), 
1.84 (IH, m, H-6), 1.73 (IH, m, H-7a), 1.50 (3H, s, 4-Me), 1.49 (IH, m, H-5), 1.17 (IH, 
m, H-6), 1.00 (3H, d, / = 6.2 Hz, 7-Me); ^^ C NMR (125 MHz, CDCI3) 5 165.7 (CO), 
133.3 (C3), 132.1 (CI3, 129.6 (C43, 128.3 (C33, 127.4 (C2), 123.2 (C3', q, 7 = 288.6 
Hz), 114.6 (C4), 93.4 (CI), 84.3 (CF3, q, J = 27.8 Hz), 55.4 (OMe), 48.5 (C7a), 37.0 
(C4a), 34.8 (C7), 33.0 (C6), 28.9 (C5), 19.6 (7-Me), 15.7 (4-Me); NMR (470 MHz, 
CDCI3) 6-72:14 (CPs). 
By comparison with the derivatised standards, the derivatised air entrainment sample of 
D. plantaginea oviparae (Figure 3.15) and M euphorbiae (Appendix C.5.) was shown 
to contain the derivatised (lJ?,4aiS',75',7a/?)-nepetalactol (III) (product VIII). The 
derivatised (15',4ai?,7i?,7a5)-nepetalactol (IV) (product IX) was not present. The 
derivatised air entrainment sample of N. ribis-nigri oviparae (Appendix D.4.) showed 
that the derivatised (15',4ai?,7i?,7aS)-nepetalactol (IV) (product IX) was not detected but 
it could not be conclusively determined that the derivatised (li?,4aS',75',7ai?)-
nepetalactol (III) (product VIII) was present. The air entrainment samples of O. insitus 
(Appendix B.4.) and M. viciae (Appendix E.4.) were derivatised but due to the low 
quantities of nepetalactol, neither diastereoisomers were detected by NMR. 
Derivatisation of R. insertum was not done. 
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Figure 3.15. NMR Spectrum of the derivatised (A and B) synthetic standards 
and (C expanded from D) air entrainment sample from Dysaphis plantaginea 
oviparae showing Hi and H3 resonances from the derivatised nepetalactol. 
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The derivatised D. plantaginea air entrainment sample, M euphorbiae air entrainment 
sample, and standards were also analysed by GC. Co-injection of the derivatised 
D. plantaginea (Figure 3.16) and M. euphorbiae (Appendix C.6.) air entrainment 
sample with product VIII confirmed the natural product was (li?,4aiS',75',7ai?)-
nepetalactol (III). A peak with a similar retention time to product IX was also present in 
the derivatised air entrainment samples. On co-injection of product IX with the 
derivatised samples, the area increases but the peak widened. This suggested that 
(15,4ai?,7i?,7aS)-nepetalactol (IV) was not present in the sample. GC analysis of the 
derivatised air entrainment samples cannot conclusively determine the stereochemistry 
of the nepetalactol due to other peaks co-eluting. Therefore, no GC analysis was done 
on other derivatised air entrainment sample. 
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Figure 3.16. GC trace on a non-polar column (HP-1) of (A) derivatised Dysaphis 
plantaginea entrainment sample, (B) co-injected with product VIII, (C) product 
VIII, (D) derivatised D. plantaginea air entrainment sample co-injected with 
product IX and (E) product IX. * Denotes co-injection with product. 
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3.3.3.3. Identification of the enantiomer of nepetalactol prepared from Catmint, 
Nepeta cataria (Lamiaceae = Labiatae), essential oil using diastereoisomeric 
derivatives 
By comparison with the derivatised standards, the derivatised nepetalactol prepared 
from N. cataria essential oil (Figure 3.17) was shown to contain the derivatised 
(li?,4aS',75',7ai?)-nepetalactol (III) (product VIII). The derivatised (15',4ai?,7i?,7aS)-
nepetalactol (IV) (product IX) was not present. 
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Figure 3.17. H NMR Spectrum of the derivatised (A and B) synthetic standards 
and (C) nepetalactol prepared from Catmint, Nepeta cataria (Lamiaceae = 
Labiatae), essential oil showing Hi and H3 resonances from the derivatised 
nepetalactol. 
3.3.4. Quantification of (4aS',75',7ai?)-nepetalactone (I) and (lR,4sS,7S,lsiR.)-
nepetalactol (III) in air entrainment samples collected from oviparae of different 
species. 
3.3.4.1. Response factor of (4aS,7S,7aR)-nepetalactone (I) 
A significant linear relationship (p = <0.001, Figure 3.18) existed between the quantity 
of (4aS',75',7a/?)-nepetalactone (I) injected onto a non-polar column (HP-1) and the area 
counts of the peak produced. Different regression formulae were calculated for the 
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quantification of (4a5',75',7ai?)-nepetalactone (I) in air entrainment samples collected 
from oviparae (Table 3.3), as the collection and quantification occurred in different 
years. 
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Figure 3.18. Regression analysis on the GC response factor to (4aiS',7)S',7aif)-
nepetalactone (I). 
Table 3.3. GC response factor (± S. E.) to (4aS',75',7ai?)-nepetaIactone (I) used for 
each species. 
Species 
Response Factor 
Intercept Slope 
Dysaphis plantaginea 1.52 + 1.43 0.0005 ± 0.00001 
Rhopalosiphum insertum 0.01 ± 1.12 0.0009 ± 0.00002 
Ovatus insitus 1.52 ± 1.43 0.0005 + 0.00001 
Macrosiphum euphorbiae -1.38 + 1.58 0.0005 ± 0.00001 
Nasonovia ribis-nigri 1.52 ± 1.43 0.0005 ± 0.00001 
Megoura viciae 1.52 ± 1.43 0.0005 ± 0.00001 
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3.3.4.2. Response factor of (lR,4aS,7S,7aR)-nepetalactol (III) 
A significant Hnear relationship (p = <0.001, Figure 3.19) existed between the quantity 
of (li?,4a.S',75',7ai?)-nepetalactol (III) injected on to a non-polar column (HP-1) and the 
area counts of the peak produced. Different regression formulae were calculated for the 
quantification of (li?,4a5,75',7ai?)-nepetalactol (III) in air entrainment samples collected 
from oviparae of different species (Table 3.4), as the collection and quantification 
occurred in different years. 
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Figure 3.19. Regression analysis on the GC response factor to (l/t,4aS',75',7aR)-
nepetalactol (III). 
Table 3.4. GC response factor (± S. E.) to (li?,4aS',75',7a/?)-nepetalactol (III) used 
for each ovipara species. 
Species 
Response Factor 
Intercept Slope 
Dysaphis plantaginea 1.80 ±1.45 0.0004 ±0.00001 
Rhopalosiphum insertum 1.72 ±1 .13 0.0011 ±0.00002 
Ovatus insitus 1.80 ± 1.45 0.0004 ± 0.00001 
Macrosiphum euphorbiae -0.611 ±0 .972 0.0005 ±0.00001 
Nasonovia ribis-nigri 1.80 ± 1.45 0.0004 ±0.00001 
Megoura viciae 1.80 ± 1.45 0.0004 ± 0.00001 
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3.3.4.3. Amount and ratio of (4aSR,7SR,7aRS)-nepetalactone and 
(lRS,4aSR,7SR,7aRS)-nepetalactol collected from oviparae of different species 
The ratio of (li?,4aS',7iS',7ai?)-nepetalactol (III) to (4a6'i?,757?,7ai?6)-nepetalactone, 
based on entrainments samples taken from different batches of D. plantaginea oviparae 
was calculated as a 4:1 (Table 3.5). Overall 103 |ig of (li?,4aiS,75,7ai?)-nepetalactol 
(III) and 27 jig of (4a5i?,75'i?,7a/?5)-nepetalactone was collected. 
Table 3.5. GC estimated ratios and amounts of (li?,4aS',7»S',7aif)-nepetalactol (III) 
and (4357?,757?,7ai?»S)-nepetalactone collected from Dysaphis plantaginea oviparae. 
Air Entrainment Nepetalactol (|j,g) Nepetalactone (|ig) Ratio 
Infested branch 44.08 ± 0.66 11.65 + 0.16 3.8:1 
Infested excised leaves 58.51 ± 1.94 15.92 ±0.54 3.7:1 
Combined Sample 102.62 ±2.29 27.06 ±0.63 3.8:1 
The ratio of (li?-S',4aS'i?,75/?,7ai?5)-nepetaIactol to (43^57?,75/?,7ai?5)-nepetalactone, 
based on entrainments samples taken from different batches of R. insertum oviparae was 
calculated as a 21:1 (Table 3.6). Overall 24 |_ig of {lRS,4aSR,lSR,7aRS)-nepGta\acto\ 
and 1 |ig of (4aS7?,75/?,7ai?;S)-nepetalactone was collected. 
Table 3.6. GC estimated ratios and amounts of {lRS,4aSR,lSR,lsiRS)-nQpeta\actol 
and (4aiS'i?,75'i?,7ai?iS)-nepetalactone collected from Rhopalosiphum insertum 
oviparae. 
Air Entrainment Nepeta lac to l (|JLg) Nepetalactone (|ig) Ratio 
1 9.03 ±0.21 0.23 ± 0.26 40:1 
2 16.41 ±0.42 0.80 ± 0.07 20:1 
3 1.61+0.07 0.06 ±0.01 28:1 
Combined Sample 23.73 ± 0.6 1.13 ±0.05 21:1 
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In the air entrainment samples from O. insitus oviparae, the {\RS,A2iSR,lSR,laRS)-
nepetalactol: (4a6',75',7aR)-nepetalactone (I) ratio was 1:2 (Table 3.7). The samples 
were combined to produce a sample containing approximately 5 |ig of 
(li?S,4aS'i?,757?,7a/?5)-nepetalactol and 10 )ig of (4a6',75',7aR)-nepetalactone (I). 
Table 3.7. GC estimated ratios and amounts of (lifts',4aS'i?,75'i?,7a/tS)-nepetalactol 
and (4a5',75',7ai?)-nepetalactone (I) collected from Ovatus insitus oviparae. 
Air Entrainment Nepetalactol (|i,g) Nepetalactone (jig) Ratio 
1 0.17 ±0.003 0.04 ± 0.003 1:0.26 
2 1.11 ±0.002 1.87 ±0.001 1:1.68 
3 2.64 ± 0.001 6.32 ± 0.002 1:2.40 
4 1.58 ±0 .002 3.99 ±0.001 1:2.53 
Combined Sample 4.49 ± 0.08 9.75 ±0.12 1:2.17 
In the air entrainment samples from M. euphorbiae, the (li?,4aiS',75',7a/?)-nepetalactol 
(III): (4a5/?,75'i?,7a/?5)-nepetalactone ratio changed as a frinction of age (Table 3.8), 
with an average of 3:1 (li?,4a^,75,7ai?)-nepetalactol (III): {AdSR,!SR,1 dJRS)-
nepetalactone. The samples were combined to produce a sample containing 
approximately 37 |ig of (li?,4aS',75',7ai?)-nepetalactol (III) and 14 |a,g of 
(4a6'i?,75'i?,7a/?iS)-nepetalactone. Only an approximation can be stated as the peak of 
(li?,4aS',75,7a/?)-nepetalactol (III) was co-eluting with a peak in the potato leaf sample. 
Table 3.8. GC estimated ratios and amounts of (lif,4aS',75',7a/f)-nepetalactol (III) 
and (4a5'i?,7»S'i?,7a/?5)-nepetalactone collected from Macrosiphum euphorbiae 
oviparae (n = 3). 
Days Nepetalactol (|i.g) Nepetalactone (^ig) Ratio 
W 10.60 ±2.47 2.88 + 0.38 3.7:1 
5-8 17.42 + 5.69 6.27 + 0.25 2.8:1 
9-12 8.70 ±2 .93 4.87 ±0 .92 1.8:1 
Combined Sample 36.72 14.02 2.6:1 
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In the air entraimnent samples from N. ribis-nigri, the {\RS,AaSR,lSR,lsiRS)-
nepetalactol: (4a5',75,7a/?)-nepetalactone (I) ratio was 1:1.5 (Table 3.9). The samples 
were combined to produce a sample containing approximately 110 |ig of 
(li?»S',4a5/?,75i?,7a/?5)-nepetalactol and 169 |ig of (4aS',75',7ai?)-nepetalactone (I). 
Table 3.9. GC estimated ratios and amounts of (li25',4aS'i?,7«S'jR,7aitS)-nepetalactol 
and (4a5',75',7ai?)-nepetalactone (I) collected from Nasonovia ribis-nigri oviparae. 
Air Entrainment Nepetalactol (|i.g) Nepetalactone (|ig) Ratio 
1 14.96 ±0.22 16.90 ±2 .80 1 1.1 
2 37.58 ±1 .76 41.12± 1.16 1 1.1 
3 86.57 ±7 .95 101.41 ±9.06 1 1.2 
4 19.83 ±0.45 30.33 ±0.40 1 1.5 
Combined Sample 109.60 ±5.13 169.24 ±4.71 1 1.5 
The ratio of (li?5',4a5i?,7Si?,7a/?5)-nepetalactol to (4a^,76',7a/?)-nepetalactone (I), based 
on entrainments samples taken from four different batches of M viciae oviparae was 
calculated as 1:7 (Table 3.10). Overall 2 |ig of (li?5,4a5/?,75/?,7a/?5)-nepetalactol and 
15 |ig of (4aS',75',7a/?)-nepetalactone (I) was collected. 
Table 3.10. GC estimated ratios and amounts of (li?5',4a5'i?,75'J?,7aitS)-nepetalactol 
and (4a5,75',7a/f)-nepetalactone (I) collected from Megoura viciae oviparae. 
Air Entrainment Nepetalactol (|Xg) Nepetalactone (|ig) Ratio 
1 0.34 ±0.03 3.92 ±0.21 1:11.5 
2 0.69 ±0.01 5.55 ±0.14 1:8.1 
3 0.63 ± 0.05 4.61 ±0.07 1:7.3 
4 0.42 ± 0.06 3 .8±0 .19 1:9.0 
Combined Sample 2.19±0.11 15.2 ±0.47 1:6.9 
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3.4. DISCUSSION 
Air entrainment samples were successfully collected from oviparae of six different 
species. In all the samples, (4a5^,75'i?,7ai?5)-nepetalactone and (lRS,4aSR,7SR,7aRS)-
nepetalactol were identified. No other nepetalactol and nepetalactone isomers were 
detected in the samples. No nepetalactone and nepetalactol isomers were detected in the 
air entrainment collected from the host plants. This suggests that (4aSR,7SR,7aRS)-
nepetalactone and (li?iS',4a^J?,75'i?,7a/?5)-nepetalactol are released by oviparae or the 
plant in response to oviparae feeding. As past papers have found these chemicals are 
present in the hind tibiae of oviparae and a behaviour response by males to the 
compounds has been recorded, it has been concluded that these chemicals are 
components of the aphid sex pheromone (Dawson et al, 1987; Dawson et al, 1990). 
3.4.1. Identification of the enantiomers of (4a5i?,75'i?,7a/f5)-nepetalactone and 
(ljR»S',4aiS'i?,7»S'i?,7ai?5)-nepetalactoI released from oviparae of different species 
Methods to determine the absolute stereochemistry of (4aS7?,75'i?,7ai?5)-nepetalactone 
and (li?<S',4a5/?,75'i?,7a/?5)-nepetalactol have been developed and performed on a 
microscale level. Two methods were investigated. The first method involved chiral GC 
and the second method involved the derivatisation of the enantiomers with a chiral 
(asymmetrical) reagent to make two diastereoisomers. 
Separation of the enantiomers (4aS',75,7ai?)-nepetalactone (I) and (4aR,7^,7a6)-
nepetalactone (II) was achieved by using a chiral GC column. Chiral gas 
chromatography showed that the nepetalactone enantiomer released by four species was 
(4aS',75',7ai?)-nepetalactone (I). (4a/?,7i?,7a^-Nepetalactone (II) was not detected in the 
air entrainment sample from three of the four species, but may be present in the air 
enfrainment sample collected from D. plantaginea oviparae. Further work needs to be 
done before it can be conclusively determined if (4a/?,7i?,7a^-nepetalactone (II) is 
present in the air entrainment sample from D. plantaginea oviparae. The nepetalactone 
present could be isolated by preparation GC and then reduced to the corresponding 
nepetalactol. The enantiomer/s present could then be conclusively determined by 
derivatisation with a chiral reagent (Mosher's acid chloride) and distinguished by NMR. 
GC analysis of the air entrainment sample collected from R. insertum oviparae could not 
conclusively determine the stereochemistry of the nepetalactone due to other co-eluting 
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peaks. Preparation GC could also isolate nepetalactone present in the sample collected 
from R. insertum oviparae in order to remove co-eluting peaks. The absolute 
stereochemistry of (4a5'i?,75'i?,7a/?5)-nepetalactone collected from M euphorbiae 
oviparae was not investigated. 
The enantiomers (li?,4a^,76',7ai?)-nepetalactol (III) and (15',4ai?,7i?,7a5)-nepetalactol 
(IV) could not be separated by chiral GC despite variation of GC parameters i.e. gas 
flows and temperature programs. Enantiomers of (li?5',4aS'i?,75/?,7ai?5)-nepetalactol 
were successftilly reacted with a chiral reagent (a Moshers' acid chloride). The resulting 
compound was elucidated from a complex mixture of aphid and host-plant volatiles. It 
is unusual to use NMR to determine the structure of components in complex mixtures 
and even more unusual at this microscale. The chemical shift of the derivative has 
allowed NMR analysis in a readily analysable region of the NMR spectrum. Analysis of 
the products by NMR and comparison with synthetic standards, showed conclusively 
that the nepetalactol enantiomer released by D. plantaginea and M. euphorbiae is 
(li?,4aS',75',7ai?)-nepetalactol (III) The nepetalactol prepared from N. cataria was also 
conclusively shown to be (li?,4a5',75',7a/?)-nepetalactol (III). 
The absolute stereochemistry of (li?5',4aS'i?,75'i?,7a/?5)-nepetalactol released from 
O. insitus, N. ribis-nigri and M. viciae was not determined. Esterification of the air 
enfrainment sample from N. ribis-nigri was done but a chemical shift into an analysable 
region was not achieved. The NMR spectrum suggested that {\R,AaS,lS,laE)-
nepetalactol (III) was present and (15',4ai?,7i?,7aS)-nepetalactol (IV) was not, but this 
was not a conclusive result. With regards to the enantiomer collected from the other two 
species, esterification was attempted but the diastereoisomers could not be identified by 
NMR. This was due to insufficient quantities of the starting material collected, 5 and 
3 |ig respectively, and the resulting diastereoisomer being below the NMR threshold. 
Dawson et al. (1987) originally suggested that the enantiomers (4aiS',75',7ai?)-
nepetalactone (I) and (li?,4aiS',75',7ai?)-nepetalactol (III) were released by M. viciae 
oviparae as part of its sex pheromone. How oviparae produce {AdLS,lS,laR)-
nepetalactone (I) and (li?,4a5,7»S',7a/?)-nepetalactol (III) is unknown but it has been 
suggested that the nepetalactol is produced from a glycoside precursor and a proportion 
of this is sequentially oxidised to the nepetalactone (Dawson et al, 1990). As 
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nepetalactone and nepetalactol are thought to be produced by the same synthetic route it 
is not surprising that the absolute stereochemistry at C-4a, C-7 and C-7a positions of 
(4a5^,75/?,7ai?6)-nepetalactone and (li?5,4a5/?,75'i?,7ai?iS)-nepetalactol are the same. 
Inversion of three chiral centres could not occur easily. No conclusive evidence has 
been gathered to suggest the absolute stereochemistry of nepetalactone and nepetalactol 
plays an important role in the sex pheromone being species-specific. 
3.4.2. Identification of the enantiomer of (li?5',4a5i?,75'i?,7ai?5)-nepetalactol 
prepared from Catmint, Nepeta cataria (Lamiaceae = Labiatae), essential oil. 
Using the method discussed above, (li?,4aS',75',7a/?)-nepetalactol (III) was conclusively 
found in the essential oil prepared from N. cataria. (16',4ai?,7i?,7a5)-Nepetalactol (IV) 
was not detected. Again this is not surprising as the nepetalactol is reduced from the 
nepetalactone and the inversion of the three chiral centres would be highly unlikely. 
3.4.3. Ratios of (lif,4aS',75',7ai?)-nepetalactol (III) to (4aiS',75',7ai?)-nepetalactone (I) 
released by oviparae of different species 
(4aS'i?,75/?,7a/?5)-Nepetalactone and (li?5,4a57?,75/?,7a/?6)-nepetalactol have been 
reported to be part of the sex pheromone for a number of other species (Table 3.11). The 
ratio of the components is thought to convey a degree of species-specific 
communication. Table 3.11 shows that oviparae of different species release different 
mean ratios. The six species studied released different mean ratios of the same two 
components providing more evidence supporting the hypothesis. 
Dysaphis plantaginea oviparae released (li?,4aiS,75',7ai?)-nepetalactol (III) and 
(4a5/?,75'i?,7ai?5)-nepetalactone in a ratio of 4:1. Field studies have been conducted at 
East Mailing, testing the response of male D. plantaginea to different ratios of 
(li?,4aS',75',7a/?)-nepetalactol (III) and (4aS',75',7ai?)-nepetalactone (I) (Wadhams, L.J., 
pers. comm.). Male aphids were caught in significantly higher numbers in traps baited 
with 4:1, 5:1 and 10:1 ratios compared to other ratios where (4a6',75',7aR)-nepetalactone 
(I) was in larger amounts, in equal amounts or the components were alone. This 
indicates that these compounds may be components of D. plantaginea sex pheromone. 
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Table 3.11. Ratios 
nepetalactone released 
Stereochemistry and Ratio of Nepetalactone and Nepetalactol 
of (li?iS',4a5if,75'i?,7ai?5)-nepetaIactoI: (4stSR,7SR,7aRS)-
by oviparae of different species. 
Species 
Average Ratio 
nepetalactol: nepetalactone 
Reference 
Aphis fabae 1:29 (Dawson e? a/., 1990) 
Megoura viciae 
1:5 and 1:12 
depending on age 
Present Study, (Dawson et al., 
1990), (Hardie oA, 1990) 
Tuberocephalus momonis 1:4 (Boo et al., 2000) 
Sitobion avenae 0:1 (Lilley et al., 1994/1995) 
Sitobion fragariae 0:1 (Hardie et al., 1992) 
Brevicoryne brassicae 0:1 (Gabrys et al, 1997) 
Rhopalosiphum padi 1:0 (Hardie et al., 1994c) 
Acyrthosiphon pisum 1:1 (Dawson etal., 1990) 
Nasonovia ribis-nigri 1:1.5 Present Study 
Myzus persicae 1.5:1 (Dawson a/., 1990) 
Ovatus insitus 1:2 Present Study 
Macrosiphum euphorbiae 
4:1, 3:1 and 2:1 
depending on age 
Present Study 
Dysaphis plantaginea 4:1 Present Study 
Schizaphis graminium 8:1 (Dawson et al., 1988) 
Rhopalosiphum insertum 21:1 Present Study 
Cryptomyzus spp. 
25:1 to 50:1 
depending on species 
(Guldemond et al., 1993) 
The specificity of sex pheromones is extremely important when different species of 
aphid occur on the same primary host. Malus spp. are the primary host of 
D. plantaginea as well as R. insertum and sometimes O. insitus. Very different ratios of 
(li^iS*,43^7?,757?,7ai?5)-nepetalactol: (4aS7?,75'i?,7ai?5)-nepetalactone were collected from 
these three species. Ovatus insitus releases twice as much (4a5,75',7a/?)-nepetalactone 
(I) as (li?5,4a^i?,75i?,7ai?S)-nepetalactol but the other two species release 
more (li?5,4a^i?,75/?,7a/?5)-nepetalactol than (4aS'i?,75/?,7ai?5)-nepetalactone. 
Rhopalosiphum insertum releases 20 times more (li?5,4aiS'i?,75'i?,7ai?iS)-nepetalactol 
than (4a5i?,75'i?,7ai?5)-nepetalactone where as D. plantaginea only releases four times 
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more. Again this provides more evidence to support the hypothesis that ratios may play 
an important role in species-specificity. No behavioural studies have been conducted to 
determine whether (li?5',4aiS'i?,75'i?,7ai?5)-nepetalactol and (4aSR,7SR,7aRS)-
nepetalactone are involved in males locating conspecific oviparae of O. insitus and 
R. insertum. 
Macrosiphum euphorbiae oviparae release (li?,4a*S',75',7ai?)-nepetalactol (III) and 
(4aSi?,75'i?,7ai?/S)-nepetalactone in a ratio found to be age dependent, changing from 4:1 
to 2:1 as the oviparae matured. Goldansaz et al (2004) conducted wind tunnel bioassays 
testing the response of males of M. euphorbiae to these chemicals in ratios found in this 
present study. The male aphids responded to 3:1-5:1 ratios in synthetic lures but 
significantly less to other ratios. Each component alone was inactive. This indicates that 
these components comprise the aphid sex pheromone and also the ratios which elicit a 
response are similar to those within the range seen in the pheromone ratio from different 
aged oviparae. 
Megoura viciae sex pheromone has already been identified by comparison (Dawson et 
al., 1987) and Hardie et al. (1990) reported an age dependent release of the two 
components. A ratio of 1:5 (li?6',4a5/?,75'i?,7ai?5)-nepetalactol: (AdLSRJSRJdiRS)-
nepetalactone was collected from oviparae on days 2-6 and after day 10. On days 7 and 
8 a ratio of 1:12 was collected. The sample collected in this study identified the same 
components but the ratio was 1:7. This is probably due to the present air entrainment 
being conducted on mixed aged oviparae. The majority of the oviparae would be 
producing the pheromone in ratios of 1:5 whilst others would be producing it in a 1:12 
ratio. 
In the air entrainment sample of M ribis-nigri a 1:1.5 ratio of (lRS,4aSR,lSR,ldiRS)-
nepetalactol: (4a6',75',7ai?)-nepetalactone (I) was found. No behavioural studies have 
been conducted on N. ribis-nigri to determine if these two components are actually the 
sex pheromone components. 
3.5. CONCLUSION 
Volatiles from oviparae from six different species were successfully collected by air 
enfrainment. Gas chromatography using a chiral column was used to determine the 
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absolute stereochemistry of the nepetalactone collected. Four of the samples contained 
(4aS',7»S',7ai?)-nepetalactone (I). Esterification of the nepetalactol with a Moshers' acid 
chloride followed by microscale NMR was done to determine the absolute 
stereochemistry of the nepetalactol present in the samples. Two of the samples 
conclusively contained (li?,4a5,75',7a/?)-nepetalactol (III). The absolute stereochemistry 
of nepetalactol prepared from N. cataria, essential oil was also conclusively determined 
to be (li?,4aS',7iS',7a/?)-nepetalactol (III). This is the first time the absolute 
stereochemistry of nepetalactone and nepetalactol released by oviparae has been 
successftilly determined. No conclusive evidence was obtained to support the 
hypothesis that different species release different enantiomers and therefore, absolute 
stereochemistry does not appear to play an important role in males identifying sex 
pheromones released by conspecific oviparae. Further evidence has been collected 
which suggests that the ratios of nepetalactol to nepetalactone convey species integrity. 
Different ratios of the components were collected from all six species. Samples from 
three of the species which share the same primary host were shown to contain very 
different ratios. 
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CHAPTER 4. IDENTIFICATION OF ADDITIONAL 
COMPONENTS OF THE APHID SEX PHEROMONE 
4.1. INTRODUCTION 
The ratio of the two monoterpenoids, nepetalactone and nepetalactol, released by 
oviparae is thought to play an important role in the identification of sex pheromones, 
released by conspecific oviparae, by males (Dawson et al, 1990; Lilley and Hardie, 
1996; Boo et al., 2000). However, a few experiments have suggested that the two 
monoterpenoids do not always convey species integrity. For example, the ratio of 
(4a5'i?,757?,7a/?5)-nepetalactone: (li?<S',4a57?,75/?,7ai?5)-nepetalactol released fi-om 
different species of Cryptomyzus oviparae were found to be similar. However, 
C. galesopsidis (the European blackcurrant aphid) males could distinguish between the 
sex pheromone released by conspecific oviparae and the sex pheromone from other 
species of Cryptomyzus oviparae (Guldemond et al., 1992). Male C. galesopsidis could 
also discriminate between a synthetic pheromone blend (30:1 {\RS,AdiSR,lSR,l^iRS)-
nepetalactol: (4aS'i?,75/?,7ai?5)-nepetalactone) and volatiles from conspecific oviparae 
(Guldemond et al., 1993). A stronger positive behavioural response to the conspecific 
oviparae occurred, suggesting that the sex pheromone of aphids is likely to consist of 
more than two components. 
It has also been considered likely that volatiles from the primary host plants may have a 
role in males locating conspecific oviparae (Powell and Hardie, 2001). In the field, the 
number of male Rhopalosiphum padi (the bird-cherry oat aphid) caught in water traps 
containing (li?5',4aS7?,75'i?,7a/?5)-nepetalactol was increased by the addition of an 
extract from the winter host, the bird-cherry tree (Prunus padus) (Hardie et al., 1994c). 
Similarly, the number of male Phorodon humuli (the damson-hop aphid) caught in 
water traps containing (15',4a/?,75,7aS)-nepetalactol (VI) and (li?,4a/?,75,7aS)-
nepetalactol (VII) was increased by the addition of a steam distillation exfract of plum 
{Prunus domestica) leaves or sloe {Prunus spinosa) drupes (Losel et al., 1996a; Losel et 
al., 1996b). Catches of R. padi increased in water traps containing 
(li?>S,4aS7?,75'i?,7ai?5)-nepetalactol with methyl salicylate and benzaldehyde (two 
volatile components from Prunus spp) compared with water traps containing 
(li?5',4a^/?,75/?,7ai?5)-nepetalactol alone (Pope et al., 2007). However, when methyl 
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salicylate and benzaldehyde were added to (15',4ai?,75',7aS)-nepetalactol (VI) and 
(li?,4a/?,75',7aS)-nepetalactol (VII), catches of male P. humuli decreased compared to 
the two monoterpenoids alone (Pope et al., 2007). In both studies, the winter host 
components alone did not increase numbers of R. padi or P. humuli caught in the water 
traps. This suggested that specific plant volatiles synergize the response of males to 
their sex pheromone. However, it appears that host volatiles do not have a role in the 
attraction of male C. galesopsidis (Guldemond et al., 1993), Aphis fabae 
(Thieme and Dixon, 1996) and Sitobion fragariae (Lilley and Hardie, 1996) to the sex 
pheromone from conspecific females. 
In Chapter 3 the issue of the absolute stereochemistry of the two monoterpenoids, 
nepetalactol and nepetalactone, playing a role in males identifying sex pheromones 
released by conspecific oviparae was addressed. In this chapter, the possibility of 
chemicals other than nepetalactone and nepetalactol playing a role in species integrity is 
addressed. In order to investigate the role of other components, Dysaphis plantaginea 
(the rosy apple aphid) is used as a model aphid. 
The holocyclic, heteroecious D. plantaginea is the second most important pest of apple 
in Europe and North America after the codling moth (Cydia pomonella) (Graf, 1999; 
Wyss et al., 1999; Blommers et al., 2004). It colonises apple (Malus domestica) as its 
primary host plant and plantain (Plantago spp.) as the secondary host plant 
(Blackman and Eastop, 2000). In autumn, gynoparae fly firom the secondary host to the 
primary host where they produce sexual females (oviparae). Male D. plantaginea fly to 
the primary host a couple of weeks later in order to locate the oviparae. The oviparae 
then lay over wintering eggs on the primary host. The following spring the eggs hatch 
and the aphids reproduce pathogenically for a few generations. It is this new aphid 
population which causes the most economic damage. On the apple, D. plantaginea 
causes malformation and reduces the size of the fruit (Figure 4.1.A), causes leaf curl 
(Figure 4.1.B), impairs shoot growth and reduces the formation of flowers 
(Forrest and Dixon, 1975; Blommers et al., 2004). Apple yield can be reduced by as 
much as 45% due to D. plantaginea infestation (De Berardinis and Minarro, 2001; 
Blommers et al, 2004). 
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Figure 4,1. Damage to apple plants caused by the rosy-apple aphid, Dysaphis 
plantaginea. (A) Malformation and reduction in the size of the fruit, (B) leaf curl 
(Photographs by Dr. Alex Stewart-Jones, Southampton University). 
4.1.1. Aim and objectives 
The aim of this chapter is to investigate the presence of additional components of the 
aphid sex pheromone and characterise the compounds involved. The hypothesis is that 
different species of oviparae release additional chemicals to the two monoterpenoids 
nepetalactone and nepetalactol in order to convey species integrity. The null hypothesis 
to be tested is that no additional chemicals to the two monoterpenoids will be released 
by oviparae. This aim comprises of three objectives: 
• To identify electrophysiologically active chemicals in the air entrainment 
samples collected from different species of oviparae 
The electrophysiological response of male D. plantaginea antennae to the air 
entrainment sample collected from D. plantaginea oviparae is investigated using gas 
chromatography coupled to electroantennograms (GC-EAG). The identification and 
quantification of chemicals in the air entrainment extract from D. plantaginea oviparae 
shown to elicit an electrophysiological response by male D. plantaginea is achieved by 
gas chromatography (GC) and gas chromatography-mass spectrometry (GC-MS). The 
presence and quantification of these chemicals in extracts collected from different 
species of oviparae is investigated. The hypothesis is that an electrophysiological 
response will be recorded towards (4aS'i?,76'i?,7ai?5)-nepetalactone and {\R,AaS,lS,laR)-
nepetalactol (III) as well as other chemicals within the extract, and different ratios of 
these chemicals will occur in extracts from different ovipara species. The null 
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hypothesis to be tested is that an electrophysiological response will not be recorded 
towards (4aS7?,75'i?,7ai?5)-nepetalactone, (17?,4a^,7;S',7ai?)-nepetalactol (III) and other 
chemicals within the extract collected from oviparae. 
• To investigate the behavioural response of male Dysaphis plantaginea to 
electrophysiologically active chemicals 
In the past, male aphids have been shown to respond to synthetic and natural ratios of 
(4aS'i?,75/?,7a/?5)-nepetalactone and (li?6',4aS'i?,75'i?,7a/?5)-nepetalactol in the four-way 
olfactometer (Guldemond et al, 1992, 1993). The behavioural response of male 
D. plantaginea to electrophysiologically active chemicals is assessed using the four-way 
olfactometer. Also, the behavioural response to mixtures of the chemicals with 
(4a5',75',7a/?)-nepetalactone (I) and (li?,4aS,7iS',7a/?)-nepetalactol (III) at the ratios 
identified in the extract from conspecific oviparae is investigated. The hypothesis is that 
male D. plantaginea will exhibit a behavioural response to the electrophysiologically 
active chemicals and the mixture of the chemicals at the ratio released by conspecific 
oviparae. The null hypothesis to be tested is that the elecfrophysiologically active 
chemicals and the mixture of the chemicals at the ratio released by conspecific oviparae 
will not elicit a behavioural response by male D. plantaginea. 
• To investigate the behavioural response of Aphidius ervi to identified 
chemicals in the air entrainment sample from Dysaphis plantaginea oviparae 
The aphid sex pheromone has also been shown to elicit a positive behavioural response 
by aphid parasitoids (Hardie et al., 1991; Powell et al, 1993; Lilley et al, 1994; 
Glinwood et al., 1998a). Glinwood (1998) showed that in the four-way olfactometer 
mated naive female Aphidius ervi, a generalist parasitoid, spent significantly more time 
in the test arm containing the sex pheromone components [1:1 {\R,AaS,lS,laR)-
nepetalactol (III): (4aS',75',7ai?)-nepetalactone (I)] compared to the control arms. In the 
wind turmel, a strong behavioural response towards the 1:1 mixture and (4aS',75',7ai?)-
nepetalactone (I) was also recorded (Glinwood et al., 1999). These results suggest that 
the components of the aphid sex pheromone are utilised by A. ervi in host location. In 
this chapter, the behavioural response of A. ervi to the identified chemicals in the air 
enfrainment sample from D. plantaginea is investigated using the four-choice 
olfactometer bioassay. The hypothesis is that naive female A. ervi will be attracted to 
the identified chemicals. The null hypothesis to be tested is that the identified chemicals 
will not elicit a behaviour response by 4^. ervi. 
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4.2. METHODS 
4.2.1. Identification of electrophysiologically active chemicals in the air 
entrainment samples collected from different species of oviparae 
Volatiles from D. plantaginea oviparae were collected by air entrainment (section 2.2.2) 
using Porapak Q polymers. Gas chromatography coupled to electroanteimograms 
(GC-EAG) was done with male D. plantaginea antennae and the air entrainment sample 
collected from D. plantaginea oviparae (section 2.4.3). Elecfrophysiologically active 
chemicals were tentatively identified by GC (on a polar and a non-polar column) and by 
GC-MS (section 2.3). Confirmation of the tentatively identified chemicals was done by 
peak enhancement (section 2.3.4) and quantification of theses chemicals was 
determined by the use of external standards (section 2.3.5). Electroantermogram 
recordings (section 2.4.2) were made from males and gynoparous D. plantaginea to 
three of the identified chemicals [1 mg ml'^  (4aS',75',7ai?)-nepetalactone (I), 
(li?,4aS',75,7ai?)-nepetalactol (III) and (15',2i?,35)-dolichodial (X) (Figure 4.2)]. 
Volatiles from Rhopalosiphum insertum (the apple grass aphid), Ovatus insitus, 
Nasonovia ribis-nigri (the lettuce aphid), Macrosiphum euphorbiae (the potato aphid) 
and Megoura viciae (the vetch aphid) oviparae were also collected by air enfrainment 
(section 2.2) using Porapak Q polymers. Apart from the sample collect from 
M euphorbiae, the presence of identified chemicals was done by GC (on a polar and a 
non-polar column) and by GC-MS (section 2.3). Confirmation of the tentatively 
identified chemicals was done by peak enhancement (section 2.3.4) and quantification 
of these chemicals was determined by the use of external standards (section 2.3.5). The 
presence of identified chemicals in the sample collect from M. euphorbiae was 
determined by GC-MS. 
4.2.2. Chemical standards 
4.2.2.1. (lS,2R,3S)-dolichodial (X) 
The aerial parts of cat-thyme, Teucrium marum (102.58 g), were extracted in 
chloroform (2 x 800 ml) for 24 h at ambient temperature. The solvent was removed 
under reduced pressure to yield a golden-brown gum (2.97 g). The extract was subjected 
to liquid chromatography over Florisil using hexane/diethyl ether (1:1), to yield a pale 
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oil (912 mg). Bulb-to-bulb distillation using a Kugelrohr apparatus (90°C, 2mmHg) 
yielded four fractions, one of which was shown by comparison of and '^C NMR data 
with literature values (Pagnoni et al, 1976) to contain (l/S',2i?,35)-dolichodial (X, Figure 
4.2) and (15,25',35)-dolichodial (XI) in a 9:1 ratio (Bellesia et al., 1983a). 
CHO CHO 
C H O C H O C H O 
X XI XII 
Figure 4.2. (l^,2if,35)-doUchodial (X), (15,25',35)-doUchodial (XI) and ilR,2S,3Ry 
dolichodial (XII). 
In this thesis, from here on, when the enantiomer present is unknown, (ISR,2RS,3SR)-
dolichodial refers to (15',2i?,3iS)-dolichodial (X) or (li?,25',3i?)-dolichodial (XII). 
4.2.2.2. Phenylacetonitrile (XIII) 
Phenylacetonitrile (alternative name: benzyl cyanide, XIII, Figure 4.3) was obtained 
from Sigma-Aldrich, UK (99% purity). 
EN 
XIII 
Figure 4.3. Phenylacetonitrile (XIII) 
4.2.2.3. (4aS,7S,7aR)-nepetalactone (I) and (lR,4aS,7S,7aR)-nepetalactol (III) 
The (4a6',76',7a/()-nepetalactone (I) and (li?,4aiS',75',7ai?)-nepetalactol (III) were 
synthesised by Dr. D. Smiley as stated in Dawson et al (1996). 
4.2.3. The behavioural response of male Dysaphis plantaginea to 
electrophysiologically active chemicals using the four-way olfactometer 
A four-way olfactometer (section 2.5.1) was used to test the response of male 
D. plantaginea to (15',2i?,35)-dolichodial (X). Five treatments [control (redistilled 
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hexane), 1 mg ml'^ 100 ng | i r \ 10 ng jil"^  and 1 ng jil'^  (15,2i?,3»S)-dohchodial (X) in 
redistilled hexane] were tested in a randomised block experimental design. Each 
treatment (10 |il) was applied to a filter paper strip and the solvent was allowed to 
evaporate for 30 s. The filter paper was then placed into one of the glass vessels (25 ml). 
The three control vessels were similarly treated with 10 |il of redistilled hexane on filter 
paper. Sixteen replicates were done. 
Ratios of (4aS',75',7a^)-nepetalactone (I), (li?,4a5',75',7ai?)-nepetalactol (III) and 
(liS',2i?,3'S)-dolichodial (X) were also tested using the same procedure as above. Three 
treatments [control (redistilled hexane), 1 mg ml"^  4:1 (li?,4aiS,75',7ai?)-nepetalactol 
(III): (4aS',75',7ai?)-nepetalactone (I), and 1 mg ml"^  4:1:0.05 {lR,4aS,7S,7aR)-
nepetalactol (III): (4a^,75',7ai?)-nepetalactone (I): (16',27(,36)-dolichodial (X) in 
redistilled hexane] were tested in a randomised block experimental design. 
4.2.4. The behavioural response of Aphidius ervi to identified chemicals using the 
four-choice olfactometer 
A four-choice olfactometer (section 2.5.2) was used to test the response of female 
A. ervi to (15',2i?,3<S)-dolichodial (X). Six treatments [control (redistilled hexane), a 
positive control [1 mg ml"' 1:1 (li?,4a^,75',7a/?)-nepetalactol (III): (4aS',75',7ai?)-
nepetalactone (I)], 1 mg ml'^ 100 ng ill ', 10 ng jLil ' and 1 ng pi"' {\S,2R,3S)-
dolichodial (X) in redistilled hexane] were tested in a randomised block experimental 
design. Each treatment (10 |il) was applied to a filter paper strip and the solvent was 
allowed to evaporate for 30 s. The filter paper was then placed into two of the 
cylindrical, Perspex test-odour chambers. The two control test-odour chambers were 
similarly treated with 10 pi of redistilled hexane on filter paper. Sixteen replicates were 
done. 
Ratios of (li?,4a^,75',7ai?)-nepetalactol (III), (4a^,75',7a^)-nepetalactone (I) and 
(15',2i?,35)-dolichodial (X) were also tested using the same procedure as above. Three 
treatments [control (redistilled hexane), 1 mg ml"' 1:1 (li?,4aiS,75',7a/?)-nepetalactol 
(III): (4aiS',75,7ai?)-nepetalactone (I), and 1 mg ml"' 1:1:0.05 (li?,4aS',75,7ai?)-
nepetalactol (III): (4a5',75',7ai?)-nepetalactone (I): (15',2i?,3S)-dolichodial (X) in 
redistilled hexane] were tested in a randomised block experimental design. 
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4.3. RESULTS 
4.3.1. Coupled gas chromatography-electroantennogram with male Dysaphis 
plantaginea and volatiles collected from D. plantaginea oviparae 
Coupled GC-EAG analysis with male D. plantaginea antennae and volatiles collected 
from D. plantaginea oviparae revealed four EAG-active compounds (Figure 4.4). Gas 
chromatography-mass spectrometry tentatively identified the four BAG active peaks as 
phenylacetonitrile (peak 1), dolichodial (peak 2), nepetalactol (peak 3) and 
nepetalactone (peak 4) (Figure 4.5). Results from Chapter 3, showed the relative 
stereochemistry of the nepetalactone was (4a5'i?,75'i?,7ai?5)-nepetalactone and the 
absolute stereochemistry of the nepetalactol was (li?,4aS',75',7ai?)-nepetalactol (III). 
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Figure 4.4. Example of a coupled GC-EAG trace of male Dysaphis plantaginea 
responses to air entrainment sample from conspecific oviparae. Top trace 
corresponds to the FID detector on the GC. Bottom trace corresponds to the 
antennal response of the insect preparation. Numbers refer to chemicals 
1: phenylacetonitrile (XIII), 2: dolichodial, 3: (li?,4aS',75',7ai?)-nepetalactol (III), 
4: (4aS'i?,75'i?,7a/?^-nepetaIactone (n = 6). 
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Figure 4.5. Mass spectra of (A) peak of interest in air entrainment sample collected 
from Dysaphis plantaginea oviparae, and (B) identified chemical from library 
reference, m/z = mass to charge ratio 
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4.3.2. Identification of (16^,2j(,36)-dolichodial (X) in air entrainment samples 
collected from oviparae of different species 
Peaks with the same RI as authentic (15',2^,36)-dolichodial (X) (Table 4.1) were 
identified in the air entrainment samples collected from oviparae of different species. 
Co-injections using non-polar (HP-1) and polar (DB-Wax) columns confirmed that 
(15i?,2i?5',3'S'i?)-dolichodial was present in the samples from D. plantaginea (Figure 4.6 
and Figure 4.7). (15'i?,2i?5',357?)-Dolichodial was also present in the air entrainment 
samples from R. insertum (Appendix A.3.), O. insitus (Appendix B.5.) and 
N. ribis-nigri (Appendix D.5.). The presence of dolichodial was confirmed by GC-MS. 
No dolichodial was detected in the air entrainment samples of apple leaves (Figure 4.8), 
hawthorn leaves (Appendix B.6.) or blackcurrant leaves (Appendix D.6.). Dolichodial 
was not detected in the air entrainment samples collected from M euphorbiae (analysis 
by GC-MS) and M. viciae (Appendix E.5.). 
Table 4.1. Retention indices (RIs) of dolichodial isomers available on two different 
types of GC column. 
RI 
Compound 
HP-1 DB-Wax 
(15,2i?,35)-Dolichodial (X) 1256 1946 
(15,25,35)-Dohchodial (XI) 1267 1979 
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Figure 4.6. GC trace from a non-polar (HP-1) column of (A) Dysaphis plantaginea 
oviparae air entrainment sample, (B) D. plantaginea oviparae air entrainment 
sample co-injected with (15',2i?,35)-dolicliodial (X) and (15',25',35)-dolichodial (XI), 
and (C) (15',2i?,35)-dolichodiaI (X) and (16^,2,y,36)-dolichodial (XI). * Denotes peak 
enhancement with (15',2i?,3/S)-dolichodial (X). 
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Figure 4.7. GC trace from a polar (DB-Wax) column of (A) Dysaphis plantaginea 
oviparae air entrainment sample, (B) D. plantaginea oviparae air entrainment 
sample co-injected with (15',2i?,35)-dolicliodial (X) and (15,25',35)-dolichodial (XI), 
and (C) (15',2i?,35)-dolichodial (X) and (15',25,35)-dolichodial (XI). * Denotes peak 
enhancement with (15',2i?,3)S)-dolichodial (X). 
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Figure 4.8. GC trace from a non-polar (HP-1) column of (A) apple leaves air 
entrainment sample, (B) apple leaves air entrainment sample co-injected with 
(lS,2Il,3S)-doUcbodiBl (X) and (15,2^,35)-dolichodial (XI), and (C) (15,2i?,35)-
dolichodial (X) and (15,25',35)-dolichodial (XI). 
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4.3.3. Identification of phenylacetonitrile (XIII) in air entrainment samples 
collected from oviparae of different species 
The RI value of phenylacetonitrile (XIII) on a non-polar (HP-1) column was 1088, and 
1943 on a polar (DB-Wax) column. Peaks with the same RI of phenylacetonitrile (XIII) 
were identified in the air entrainment samples collected from oviparae of different 
species. Co-injections using non-polar (HP-1) and polar (DB-Wax) columns confirmed 
that phenylacetonitrile (XIII) was present in the samples from D. plantaginea 
(Figure 4.9 and Figure 4.10) oviparae. Phenylacetonitrile (XIII) was also present in the 
air entrainment samples from R. insertum (Appendix A.4.) and N. ribis-nigri (Appendix 
D.7.). The presence of phenylacetonitrile (XIII) was confirmed by GC-MS. 
Phenylacetonitrile (XIII) was not detected in the air entrainment samples of apple 
leaves (Figure 4.11), blackcurrant leaves (Appendix D.8.), or air entrainment samples 
collected from M. euphorbiae (analysis by GC-MS) and M. viciae (Appendix E.6.) 
oviparae. The air entrainment of O. insitus (Appendix B.7.) oviparae contained a peak 
with the same RI as phenylacetonitrile (XIII) on both the polar and non-polar columns 
but GC-MS confirmed that phenylacetonitrile (XIII) was not present. 
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Figure 4.9. GC trace from a non-polar (HP-1) column of (A) Dysaphis plantaginea 
oviparae air entrainment sample, (B) D. plantaginea oviparae air entrainment 
sample co-injected with phenylacetonitrile (XIII), and (C) phenylacetonitrile 
(XIII). * Denotes peak enhancement with phenylacetonitrile (XIII). 
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Figure 4.10. GC trace from a polar (DB-Wax) column of (A) Dysaphis plantaginea 
oviparae air entrainment sample, (B) D. plantaginea oviparae air entrainment 
sample co-injected with phenylacetonitrile (XIII), and (C) phenylacetonitrile 
(XIII). * Denotes peak enhancement with phenylacetonitrile (XIII). 
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Figure 4.11. GC trace from a non-polar (HP-1) column of (A) apple leaves air 
entrainment sample, (B) apple leaves air entrainment sample co-injected with 
phenylacetonitrile (XIII), and (C) phenylacetonitrile (XIII). 
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4.3.4. Quantification of (15',2i?,35)-dolichodial (X) 
4.3.4.1. Response factor of (lS,2R,3S)-dolichodial (X) 
Figure 4.12 shows a significant linear relationship (p = <0.001) between the amount of 
(15',2i?,3'5)-dolichodial (X) injected on to the non-polar HP-1 column and the area 
counts of the peak produced. The formula for the regression line is: 
y = 1.694 -I- 0.0006% 
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Figure 4.12. Regression analysis on the GC response factor to (1S,2R,3S)-
dolichodial (X). 
4.3.4.2. Quantification of (lSR,2RS,3SR)-dolichodial and the ratio of 
(lRS,4aSR, 7SR, 7aRS)-nepetalactol, (4aSR, 7SR, 7aRS)-nepetalactone and 
(lSR,2RS,3SR)-dolichodial in the air entrainment samples collected from different 
species of oviparae. 
Table 4.2 shows the amount of {lSR,2RS,3SR)-do\ich.odidl collected from all the 
different species of oviparae and the ratio of (li?5',4aS'i?,75/?,7a^-nepetalactol: 
(4a6!R,75!R,7a/&$)-nepetalactone: (15'i?,2i?5',35'i?)-dolichodial in the air entrainment 
samples collected. 
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Table 4.2. GC estimated amounts and ratios of (li?5',4aiS'if,75'if,7ai?»S)-nepetalactol, 
(4^R,lSR,l2iRS)-nepetalactone and (lSR,2RS,3SR)-do\idiodial collected by air 
entrainment from different species of oviparae. 
Total Amount (^ ig) 
Ratio 
Nepetalactol Nepetalactone Dolichodial 
Dysaphis plantaginea 102.62 + 2.29 27.06 ± 0.63 1.94 ±0.07 4:1:0.07 
Rhopalosiphum insertum 23.73 + 0.6 1.13 ±0.05 0.89 ±0.04 21:1:0.78 
Ovatus insitus 4.49 ±0.08 9.75 ±0.12 0.76 ±0.01 1:2.17:0.08 
Nasonovia ribis-nigri 109.60 ±5.13 169.24 ±4.71 2.17 ±0.05 1:1.5:0.02 
* * * 
4.3.5. Electrophysiological response of male and gynoparous Dysaphisplantaginea 
Male and gynoparous D. plantaginea showed a significant BAG response to 
(4a5,7»S',7ai?)-nepetalactone (I), (li?,4aS',75',7ai?)-nepetalactol (III) and {\S,2R,3S)-
dolichodial (X) compared to the control (hexane) (Figure 4.13). 
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Figure 4.13. Electrophysiological response of male and gynoparous Dysaphis 
plantaginea (n = 6) to (4aS',75',7aif)-nepetalactone (I), (lif,4aS',75',7a/?)-nepetalactol 
(III) and (15,2i?,35)-dolichodial (X) standards. ** Denotes significantly different 
from control at 1% level. *** Denotes significantly different from control at <0.1% 
level. 
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4 . 3 . 6 . Behavioural response of male Dysaphis plantaginea to (15',2i(!,3iS)-dolichodial 
(X) 
4.3.6.1. Dose response of male Dysaphis plantaginea to (lS,2R,3S)-dolichodial (X) 
Male D. plantaginea spent significantly more time in the arm containing 1 |ig and 
0.1 |Xg of (15',2i?,35)-dolichodial (X) compared to the control arms (Figure 4.14, 
Table 4.3 and Table 4.4). A significantly higher proportion of entries were made into 
the arm containing 1 |ig (16',2^,36)-dolichodial (X) compared to the control arms 
(Figure 4.15 and Table 4.4). The time male D. plantaginea spent in and the proportion 
of entries into the arms containing 10 |ig and 0.01 |ig of (16',2i?,3iS)-dolichodial (X) was 
not significantly different compared to the control arms. No significant differences were 
seen between any of the control arms (Table 4.4). 
4.3.6.2. Behavioural response of male Dysaphis plantaginea to different mixtures of 
(4aS,7S,7aR)-nepetalactone (I), (lR,4aS,7S,7aR)-nepetalactol (III) and (1S,2R,3S)-
dolichodial (X) 
Male D. plantaginea spent a significantly greater proportion of time in (Figure 4.16 and 
Table 4.5), and made a higher proportion of entries (Figure 4.17) into the arm of the 
olfactometer where the three component mixture [4:1:0.05 (li?,4aS',75',7ai?)-nepetalactol 
(III): (4a5,75',7a/?)-nepetalactone (I): (15',2i?,35)-dolichodial (X)] was present compared 
to the control arms (Table 4.6). The proportion of time spent in and the proportion of 
entries into the arms containing the two component mixture [4:1 {\R,AaS,lS,laR)-
nepetalactol (III): (4aS',75,7ai?)-nepetalactone (I)] compared to the control arms was not 
significantly different. No significant differences were seen between any of the control 
arms. 
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Figure 4.14. The response (back-transformed mean proportion of time-spent) by 
male Dysaphis plantaginea (n = 16) to different amounts of (liS',2if,35)-dolichodial 
(X) in the four-way olfactometer. * Denotes significant at the 5% level. 
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Figure 4.15. The response (mean proportion of entries ± S. E.) by male Dysaphis 
plantaginea (n = 16) to different amounts of (l)S',2i?,35)-dolichodial (X) in the four-
way olfactometer. * Denotes significant at the 5% level. 
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Table 4.3. Mean log-proportion of time spent by male Dysaphis plantaginea 
(n = 16) to different amounts of (15',2i?,35)-dolichodial (X) in the four way 
olfactometer. 
Amount (^g) Control 0.01 0.1 1 10 
Treated 
Control 
-1.383 
-1.332 
-1.418 
-L291 
-1J58 
-1.454 
-1.108 
-ljW8 
-1.563 
-L342 
Table 4.4. Summary of hypothesis testing for different response parameters 
(log-proportion of time spent and proportion of entries) of male Dysaphis 
plantaginea (n = 16) to different amounts of (15',2i?,3iS)-dolichodial (X) in the four-
way olfactometer. Red values are significant. 
Amount (|ig) Source of Variation d. f. Time Entries 
F value P value F value P value 
Control 
Treatment 
Treatment.Number 
1 
2 
0.12 
0.06 
0.736 
0.940 
0.47 
0.01 
0.495 
0.988 
0.01 
Treatment 
Treatment.Number 
1 
2 
0.82 
0.52 
0.369 
0.600 
1.62 
0.32 
0.210 
0.731 
0.1 
Treatment 1 6.22 0.016 0.54 0.468 
Treatment.Number 2 1.09 0.344 0.26 0.775 
1 
Treatment 1 5.35 0.025 6.87 0.012 
Treatment.Number 2 0.67 0.518 1.58 0.218 
10 
Treatment 
Treatment.Number 
1 
2 
2.33 
1.13 
0.134 
0.333 
0.86 
2.28 
0.360 
0.114 
Residual d. f. = 45 
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Figure 4.16. The response (back-transformed mean proportion of time-spent) by 
male Dysaphis plantaginea (n = 16) to different ratios of (li?,4a5,7<S',7ai?)-
nepetalactol (III): (4a5,75',7ai?)-nepetalactone (I): (l»S',2i?,35)-dolichodial (X) in a 
four-way olfactometer. ** Denotes significant at the 1% level. 
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Figure 4.17. The response (mean proportion of entries ± S. E.) of male Dysaphis 
plantaginea (n = 16) to different ratios of (li?,4aS',7»S',7a/f)-nepetalactol (III): 
(4aiS',75',7ai?)-nepetalactone (I): (15',2if,35)-dolichodial (X) in a four-way 
olfactometer. *** Denotes significant at < 0.1% level. 
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Table 4.5. Mean log-proportion of time spent by male Dysaphis plantaginea 
(n = 16) to different ratios of (li?,4aS,75',7ai?)-nepetalactol (III): (4aS',75',7ai?)-
nepetalactone (I): (l»S',2i?,35)-dolichodial (X) in a four-way olfactometer. 
Ratio Treated Control 
Control -1.329 -1.362 
4:1 -1.29 -1.46 
4:1:0.05 -1.46 -1.477 
Table 4.6. Summary of hypothesis testing for different response parameters 
(log-proportion of time spent and proportion of entries) of male Dysaphis 
plantaginea (n = 16) to different ratios of (12?,4aS',7vS',7ajR)-nepetalactol (III): 
(4aS',75',7aJ?)-nepetalactone (I): (15',2J?,35)-dolichodial (X) in a four-way 
olfactometer. Red values are significant. 
* Time Entries 
Ratio Source of Variation d. f. 
F value P value F value P value 
Control 
Treatment 
Treatment.Number 
1 
2 
0.12 
0 . 5 9 
0 . 7 2 8 
0 . 5 6 
0.31 
0 . 9 4 
0 . 5 7 8 
0 . 3 9 8 
4:1 
Treatment 1 1.19 0 . 2 8 1 1 .38 0 . 2 4 6 
Treatment.Number 2 0.06 0 . 9 4 3 0.11 0 . 8 9 9 
4:1:0.05 
Treatment 
Treatment.Number 
1 
2 
6 . 5 8 
0 . 0 6 
0.014 
0 . 9 4 
20.14 
0.04 
<0.001 
0 . 9 6 
*Residual d. f. = 45 
4.3.7. Behavioural response of Aphidius ervi to (15',2i?,35)-dolichodial (X) 
4.3.7.1. Dose response of female Aphidius ervi to (lS,2R,3S)-dolichodial (X) 
Significantly more female A. ervi were counted in the arms containing 10 |ig and 1 [ig 
of (15',2i?,3»S)-dolichodial (X) compared to the control arms (Figure 4.18 and Table 4.7). 
The number of female A. ervi counted in the arms containing 0.1 |ag and 0.01 |ig 
(l-S',2i?,35)-dolichodial (X) was not significantly different compared to the control arms. 
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Figure 4.18. The response (mean number ± S. E.) of naive mated female Aphidius 
ervi to different amounts of (15',2J?,3»S)-dolichodial (X) and a positive control 
[1: 1 (li?,4a5',75',7aJ?)-nepetalactol (III): (4aiS',75',7a/2)-nepetalactone (I)] in a four-
choice olfactometer (n = 16). ** Denotes significantly different from control at the 
1% level, *** denotes significantly different from control at the 0.1% level. 
Table 4.7. Summary of hypothesis of the response of naive mated female Aphidius 
ervi to different amounts of (l/S',2i?,35)-dolichodial (X) and a positive control 
[1: 1 (li?,4aS',7iS',7ai?)-nepetalactol (III): (4a5',75',7ai?)-nepetalactone (I)] in a four-
choice olfactometer (n = 16). ** Denotes significance at 1% level, *** denotes 
significance at 0.1% level, n. s. denotes not significant. 
Treatment 
Choice Chi (d. f. = 1) Heterogeneity Chi (d. f. = 15) 
F value P value F value P value 
Control 0.06 n. s. 6.05 n. s. 
Positive Control 21.25 * * * 11.22 n. s. 
0.01 0.05 n. s. 23.89 n. s. 
0.1 1.77 n. s. 24.56 n. s. 
1 7.81 * * 10.83 n. s. 
10 15.91 * * * 17.84 n. s. 
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4.3.7.2. Behavioural response of female Aphidius ervi to different mixtures of 
(4aS,7S,7aR)-nepetalactone (I), (lR,4aS,7S,7aR)-nepetalactol (III) and (1S,2R,3S)-
dolichodial (X) 
The number of naive mated female A. ervi counted in arms containing 1:1:0.05 
(4aS',75',7ai?)-nepetalactone (I): (li?,4aS',75',7ai?)-nepetalactol (III): (liS',2i?,35)-
dolichodial (X) was not significantly different compared to the arms containing 
1:1 (4aS',75',7ai?)-nepetalactone (I): (li?,4a5',75',7a/?)-nepetalactol (III) (Figure 4.19 and 
Table 4.8). 
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Figure 4.19. The response (mean number ± S. E.) of naive mated female Aphidius 
ervi to different ratios of (li?,4aiS,75',7aR)-nepetalactol (III): (4aiS',7S,7ai?)-
nepetalactone (I): (16^,2jf,36)-dolichodial (X) in a four-choice olfactometer (n = 16). 
*** Denotes significant at the 0.1% level 
Table 4.8. Summary of hypothesis testing of the response of naive mated female 
Aphidius ervi to different ratios of (lif,4aS',75',7ai?)-nepetalactol (III): (4aS',75',7a/f)-
nepetalactone (I): (15',2i?,35)-dolichodial (X) in a four choice olfactometer (n = 16). 
*** Denotes significance at 0.1% level, n. s. denotes not significant. 
Treatment 1 Treatment 2 
Choice Chi (d. f. = 1) Heterogeneity Chi (d. f. = 15) 
F value P value F value P value 
Solvent Solvent 0.47 n. s. 13.05 n. s. 
1: 1: 0 Solvent 39.37 *** 24.31 n. s. 
1: 1: 0 1: 1: 0.05 1.29 n. s. 23.63 n. s. 
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4.4. DISCUSSION 
4.4.1. Identification of electrophysiologically active chemicals in the air 
entrainment samples collected from Dysaphisplantaginea oviparae 
The electrophysiological response of male D. plantaginea antennae to the air 
entrainment sample collected from D. plantaginea oviparae was investigated using 
GC-EAG. Four BAG active chemicals were identified as phenylacetonitrile (XIII), 
(15/?,2J?5,35!/?)-dolichodial, (4aS'i?,75'i?,7a/tS)-nepetalactone and {\R,AaS,lS,laR)-
nepetalactol (III). An electrophysiological response to (4a6',76',7a^)-nepetalactone (I), 
(li?,4a^,75',7ai?)-nepetalactol (III) and (15',2i?,35)-dolichodial (X), standards was 
recorded from males and gynoparous D. plantaginea. Phenylacetonitrile (XIII) was not 
tested. As previously discussed in Chapter 3, (4aS/?,7iS'i?,7ai?iS)-nepetalactone and 
(li?,4aiS',75',7ai?)-nepetalactol (III) are known components of D. plantaginea sex 
pheromone. An elecfrophysiological response and a behavioural response by gynoparae 
to (4aS',75',7ai?)-nepetalactone (I) and (li?,4aiS',7/S',7a/?)-nepetalactol (III) has been 
previously reported (Hardie et al, 1994d; Losel et al, 1996b; Park et al., 2000; Zhu et 
al., 2006). It has been suggested that the aphid sex pheromone may act as an 
aggregation pheromone for gynoparae in order to locate conspecific oviparae on 
suitable host plants (Lilley and Hardie, 1996; Powell and Hardie, 2001; Zhu et al., 
2006). Therefore the electrophysiological response to (4a6',75',7a7()-nepetalactone (I) 
and (li?,4aiS,7^,7ai?)-nepetalactol (III) by males and gynoparae is not surprising. This is 
the first time an electrophysiological response to (15',2i?,35)-dolichodial (X) by any 
aphid morph has been reported. 
(15/?,2i?»S',35'i?)-Dolichodial was also identified in air entrainment samples collected 
from R. insertum, N. ribis-nigri and O. insitus oviparae. The air entrainment sample 
collected from R. insertum and N. ribis-nigri oviparae also contained phenylacetonitrile 
(XIII). Neither chemical was detected in the air entrainment sample collected from the 
host plant. This suggests that phenylacetonitrile (XIII) and (l/S!/?,2i?5',35'i?)-dolichodial 
are either released by oviparae or the plant in response to oviparae feeding. 
Pagnoni et al. (1976) defined the stereochemistry of the dolichodial extracted from 
T. marum as (15',2i?,3iS). In this chapter, it has been shown that the dolichodial in the air 
entrainment samples has the same relative stereochemistry of the dolichodial collected 
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from T. marum but the absolute stereochemistry of dolichodial present in the air 
entrainment samples collected from oviparae has not been determined i.e. which 
enantiomer is present. Chiral studies need to be done to confirm if the dolichodial in the 
air entrainment sample is (16',2i?,3>S)-dolichodial (X) or the enantiomer (IR,2S,3R)-
dolichodial (XII). 
Phenylacetonitrile (XIII) was the first eluted chemical in the air entrainment sample 
collected from D. plantaginea oviparae which elicited an elecfrophysiological response 
in conspecific male antennae. Past research has identified phenylacetonitrile (XIII) as 
an insect and a plant volatile, involved in insect-plant and insect-insect interactions. 
Phenylacetonitrile (XIII) is an aggregation kairomone for the Japanese beetle, PopilUa 
japonica (Loughrin et al., 1995) and has been found as part of a releaser pheromone that 
modulates the aggregation behaviour of different ages of the gregarious desert locust, 
Schistocerca gregaria (Norris and Pener, 1965; Obengofori et al, 1993; Torto et al., 
1994). The releaser pheromone produced by older males of S. gregaria accelerates the 
maturation of young adults (Mahamat et al., 1993), whereas the nymphal pheromone 
retards it (Assad et al, 1997). This is thought to facilitate maturation synchrony of the 
population which would lead to simultaneous mating and communal oviposition 
(Norris, 1964; Norris and Pener, 1965; Mahamat et al., 1993). The aggregation 
pheromone system released by male S. gregaria has been identified as a blend 
consisting of 75-85% phenylacetonitrile (XIII) with the remainder comprising of 
benzaldehyde, guaiacol and phenol. With regards to plant volatiles, phenylacetonitrile 
(XIII) has been identified from leaf tissue (Macleod et al., 1981; Loughrin et al, 1995) 
and flowers (Tatsuka et al., 1990; Knudsen et al, 1993; Leal et al., 1994). The cabbage 
seed weevil (Ceutorhynchus assimilis) was found to move significantly towards 
phenylacetonitrile (XIII), a volatile component of its host plant oilseed rape (Brassica 
napus) in the linear track olfactometer (Bartlet et al., 1997). This behavioural response 
was reflected in field studies. Yellow water traps baited with phenylacetonitrile (XIII) 
caught significantly more C. assimilis compared to the unbaited controls. 
Phenylacetonitrile (XIII) has also been shown to be released from dandelion plants 
which attract scarab beetles (Leal et al., 1994). More relevant to this chapter, 
phenylacetonitrile (XIII) has been identified as a major volatile from apple fi-uit 
(Boeve et al., 1996). This may suggest the phenylacetonitrile (XIII) present in the air 
entrainment sample of D. plantaginea oviparae originated from the aphid-plant 
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complex. Therefore, phenylacetonitrile (XIII) is probably not a component of the aphid 
sex pheromone but male D. plantaginea may utilise it in synergism with the sex 
pheromone components to locate conspecific oviparae. Behavioural studies 
investigating the behavioural response of male D. plantaginea to phenylacetonitrile 
(XIII) have not been done. As electrophysiologically active compounds are not always 
behaviourally active, olfactometer studies have to be conducted to assess if 
phenylacetonitrile (XIII) elicits a behavioural response by male D. plantaginea. 
The second eluted chemical present in the air entrainment sample from D. plantaginea 
oviparae to elicit an electrophysiological response by conspecific male antenna was 
identified as (15/?,2i?5',3>S7?)-dohchodial. (15',2i?,35)-Dolichodial (X) was originally 
identified from various Dolichoderus (D. acanthoclinea clarki, D. denta, D. scabridus 
and D. diceratoclinea) and Iridomyrmex (/. rufoniger, I. humilis I. nitidiceps, I. detectus 
and /. myrmecodiae) species of ants (Cavill and Hinterberger, 1960; Cavill and 
Houghton, 1974; Cavill et al, 1982) and is thought to play a defence or trail role. The 
diastereoisomer anisomorphal [(15',25',35)-dolichodial (XI) (Pagnoni et al., 1976)] is a 
major component of the defence secretion of the southern walking stick insect, 
Anisomorpha buprestoides (Meinwald et al., 1962). As already shown in this chapter, 
both are major constituents of the essential oil from cat thyme, Teucrium marum 
[9:1 (15,2i?,35)-dolichodial (X); (15,25,35)-dolichodial (XI)] (Pagnoni et al., 1976; 
Bellesia et al., 1983a). 
(15',2i?,35)-Dolichodial (X) is structurally related to (4aS',75,7a/?)-nepetalactone (I), a 
known component of the aphid sex pheromone. Both are methylcyclopentanoid terpenes 
thought to originate biosynthetically from citronellol (Bellesia et al., 1983b; Bellesia et 
al., 1984). Although the biosynthetic pathways from citronellol to (4aS,7S,7aR)-
nepetalactone (I) in Nepeta cataria (Lamiaceae = Labiatae) (Bellesia et al., 1984) and 
(15',2i?,35)-dolichodial (X) in T. marum (Bellesia et al., 1983b) are thought to be 
different, when [10-^H](15',2i?,35)-dolichodial was fed to cut stalks of N. cataria, partial 
incorporation into (4a6',76',7aR)-nepetalactone (I) was observed (Bellesia et al., 1984). 
In summary, (l>S',2i?,3iS)-dolichodial (X) is mainly released from insects, it is 
structurally related to (4aS',7iS,7ai?)-nepetalactone (I) (a known component of the aphid 
sex pheromone) and may be biosynthesised in plants using similar pathways to the 
131 
Chapter 4 Additional Components of the Aphid Sex Pheromone 
biosynthesis of nepetalactone. Therefore, past research suggests that the (1SR,2RS,3SR)-
dolichodial present in the air entrainment sample of D. plantaginea oviparae probably 
originates from the oviparae and may be a third component of the aphid sex pheromone. 
Air entrainments with oviparae on artificial diets and radio-labelled studies could be 
conducted to assess if (15',2i?,35)-dolichodial is released from the oviparae or from the 
host-aphid complex. 
4.4.2. The behavioural response of male Dysaphis plantaginea to 
electrophysiologically active chemicals 
Male D. plantaginea spent significantly more time and a higher proportion of entries 
were made into the arm containing the (15',2i?,3.S)-dolichodial (X) alone (1 and 0.1 |ag) 
compared to the control arms in the four-way olfactometer. When i\S,2R,2>S)-
dolichodial (X) was present in a three component mixture [4:1:0.05 {lR,AaS,lS,laK)-
nepetalactol (III): (4a5',75',7ai?)-nepetalactone (I); (15',2i?,35)-dolichodial (X)] with a 
ratio equivalent to the ratio in the air enfrainment sample, male D. plantaginea preferred 
this arm to the control arms and no significant difference was seen when the two-
component mixture [4:1 (li?,4aS',75',7a/?)-nepetalactol (III): (4a5',75',7ai?)-nepetalactone 
(I)] was present. These results suggest that (15',2i?,35)-dolichodial (X) may cause an 
attraction/arrestant response by male D. plantaginea and adds weight to the possibility 
that (15',27?,3)S)-dolichodial (X) is a component of the aphid sex pheromone. 
hi addition to the data presented in this chapter, mass-specfrometry analysis on air 
enfrainment samples collected from Rhopalosiphum padi, Aphis fabae (the black-bean 
aphid), Cryptomyzus maudamanti and Cryptomyzus ribis (the redcurrent blister aphid) 
oviparae all contain a chemical with the same mass spectra as (15',2/?,35)-dolichodial 
(X) (J. Pickett pers. comm.). As discussed in the introduction to this chapter, biological 
evidence suggested that the sex pheromone of the Cryptomyzus species is likely to 
consist of more than (4a5/?,75'i?,7a/?5)-nepetalactone and {\RS,AaSR,lSR,laRS)-
nepetalactol. As (15',2i?,35)-dolichodial (X) has been shown to elicit a behavioural 
response in male D. plantaginea, this chemical may also be a component of the sex 
pheromone of Cryptomyzus species and may play a role in species integrity, thus adding 
a new dimension to the ratios of the sex pheromone components. {\SR,2RB,2)SRy 
Dolichodial was present in different ratios compared to (4a6[R,7&R,7aR5)-nepetalactone 
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in the air entrainment samples collected from D. plantaginea, R. insertum, O. insitus 
and N. ribis-nigri oviparae. 
It is unclear from the results of the olfactometer study with male D. plantaginea, 
whether the behavioural response to the three component mixture is due to {\S,2R,'iS)-
dolichodial (X) or if a synergism between the two monoterpenoids and {\S,2R,2>S)-
dolichodial (X) is occurring, in Chapter 5, the behaviour response exhibited by male 
D. plantaginea to (15',2i?,3tS)-dolichodial (X) and if synergism occurs is ftirther 
investigated using the servosphere bioassay. 
4.4.3. The behavioural response of Aphidius ervi to electrophysiologically active 
chemicals 
Naive mated female A. ervi preferred arms containing (lS',2i?,3S)-dolichodial (X) 
compared to clean air, but when choice was available between the two component 
mixture and the three component mixture, no significant differences were recorded in a 
four-choice olfactometer. As A. ervi is a generalist parasitoid these results are not that 
surprising. As already discussed, naive mated female A. ervi have already been shown 
to exhibit a behavioural response towards a 1:1 (li?,4aS',75',7a/?)-nepetalactol (III): 
(4aiS',75',7a/?)-nepetalactone (I) mixture. Aphid pheromones provide an ideal method for 
parasitoids to locate hosts as they are specific to aphids. If (16',2^,35)-dolichodial is part 
of the aphid sex pheromone, it would be perceived by A. ervi as an aphid pheromone 
component and therefore should elicit a behaviour response. Research to date, shows 
that (li?,4a5',75',7a/?)-nepetalactol (III) and (4aS',75,7a/?)-nepetalactone (I) are released 
from aphids in larger amounts than (15',2i?,35)-dolichodial so these chemicals will 
probably elicit a stronger behavioural response by A. ervi. 
4.5. CONCLUSIONS 
Male D. plantaginea antennae responded electrophysiological to four chemicals present 
in the air enfrainment sample collected from D. plantaginea oviparae. The four BAG 
active chemicals were identified as phenylacetonitrile (XIII), {\SR,2RS,1)SR)-
dolichodial, (4aSi?,757?,7a/?5)-nepetalactone and (li?,4a5',7iS',7ai?)-nepetalactol (III) 
{\SR,2RS,3SR)-Do[ichodia\ was also identified in samples collected from R. insertum, 
N. ribis-nigri and O. insitus oviparae. The air entrainment sample collected from 
R. insertum and N. ribis-nigri oviparae also contained phenylacetonitrile (XIII). Neither 
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chemical was identified in the air entrainment of the host plant. The behavioural 
response of male D. plantaginea to phenylacetonitrile (XIII) was not investigated but 
the behavioural response to (16',2i?,3»S)-dolichodial (X) was. Male D. plantaginea spent 
significantly more time in and made a higher proportion of entries into the arm 
containing the (15,2i?,3iS)-dolichodial (X) alone (1 and 0.1 pig) compared to the control 
arms in the four-way olfactometer. (15',2i?,3'5)-Dolichodial (X) elicited a behavioural 
response by male D. plantaginea when present alone and as part of a three component 
mixture [4:1:0.05 (li?,4a;S',75',7ai?)-nepetalactol (III): (4a5',7»S',7ai?)-nepetalactone (I): 
(liS',2i?,3'5)-dolichodial (X)]. (15',2i?,35)-dolichodial (X) also elicited a behavioural 
response by the generalist parasitoid A. ervi. 
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CHAPTER 5. THE SERVOSPHERE BIOASSAY 
5.1. INTRODUCTION 
The use of olfactometers in bioassays for testing the behavioural response of insects to 
odours, pheromones and other volatile compounds is common. Olfactometers without 
an imposed airflow record the response of the insect to a concentration gradient, which 
could be comparable to the behavioural response occurring within the smooth boundary 
layers (< 1 cm) around the odour source (section 1.4.1). All the olfactometers used in 
this thesis include an odour-laden horizontal air-stream in which the insect can move. 
The airflow effectively "flattens" the odour gradient between the source and the insect 
(Kennedy, 1977) creating a situation which is comparable to an insect away from the 
source using odour-induced anemotaxis for guidance towards the source. Odour-
induced anemotaxis is the movement of the insect in response to wind direction induced 
by an odour stimulus (Kennedy, 1978). 
(B) 
m m 
P 
1 
Figure 5.1. Insect olfactometers: (A) Y-tube, (B) linear-track, (C) four-way 
olfactometer. Arrows show the direction of airflow. 
The most common basic insect olfactometers (Figure 5.1) using airflows are the Y-tube 
(Mclndoo, 1926), linear-track (Sakuma and Fukami, 1985), and four-way (Pettersson, 
1970). However, these olfactometers are not the perfect bioassay for recording odour-
induced anemotaxis. All these bioassays use enclosed arenas where the movement of 
the insect is restricted and may affect its behaviour. During the bioassays the insect may 
come into contact with the walls of the olfactometer which may act as a strong guiding 
stimulus (Visser and Taanman, 1987). Secondly, in these bioassays air-streams 
converge causing a steep concentration gradient at the interface. For example, the 
Y-tube has two air-streams converging at the junction of the Y, and in the four-way. 
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four airstreams enter the arena and converge upon the starting point of the insect. As the 
insect moves in and out of the odour-laden air-streams a steep odour gradient will occur. 
Due to this gradient it is unknown if the behaviour response is due to a chemo-
orientation response (chemotaxis and chemoklinokinesis) or due to odour-induced 
anemotaxis (Kennedy, 1977). Thirdly, as the air-streams converge there is a sharp 
change in the vector of the air-flow which may lead to steep gradients of mechanical 
stimulation to which the insect may respond (mechanotaxis) (Kennedy, 1977). hi 
addition, the moment the insect encounters the odour cannot be precisely recorded. 
Finally, during the bioassays the choice of direction during walking, final position and 
how quickly this choice is made is recorded to assess if an odour has a behavioural 
effect (Hare, 1998). From this data, the behavioural mechanism underlying the 
behavioural response cannot be deduced. 
An experimental arrangement that overcomes these problems is the 'servosphere', a 
locomotion-compensating device (Kramer, 1976). The servosphere allows an insect to 
walk in a small experimental field without restricting its walking activity. The insect can 
walk in any direction over any time period. A horizontal odour stream can be blown 
over the insect and its movements can be precisely recorded by using a sensor and 
servomotors. The sensor tracks the insect and relays the xy co-ordinates back to a 
computer. By using this information, different parameters of the insect's behaviour can 
be recorded. Odour cues can be presented in a precise controlled manner and odour-
induced anemotaxis can be recorded. 
The original locomotion compensator was designed by Kramer and Heinecke 
(Kramer, 1975). It consisted of a 50-cm diameter sphere mounted on servomotors that 
rotated the sphere around two orthogonal horizontal axes. A sensor was placed above 
the sphere and emitted light onto the small disc of reflective material attached to the 
insect's back. The light was reflected back to the sensor and the sensor continuously 
evaluated the deviation of the disc. These values were used to re-centre the insect by 
driving the servosphere motors so that the fi-eely walking test insect was kept at the 
same spatial position (the top of the sphere). 
A major problem with the original locomotion compensator was the reflective strip that 
had to be attached to the back of the insect. This limited the size of insect used in such a 
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bioassay. Large insects such as honeybees Apis mellifera carnica (Kramer, 1976), 
cockroaches i.e. the American cockroach, Periplaneta americana (Bell and Kramer, 
1979), Colorado potato beetle, Leptinotarsa decemlineata (Thiery and Visser, 1987), 
larder beetle, Dermestes ater (Bell et al., 1989), triatomine bugs e.g. Triatoma infestans 
(Taneja and Guerin, 1995) and the banana weevil. Cosmopolites sordidus 
(Tinzaara et al., 2003), were preferred to small insects, though studies have been 
conducted on the aphid Cryptomyzus korschelti (Visser and Taanman, 1987), a eucoilid 
parasitoid, Leptopilina heterotoma (Vet and Papaj, 1992), a parasitic mite Varroa 
jacobsoni (Rickli et al., 1992) and ticks e.g. the tropical bont tick Amblyomma 
variegatum (McMahon and Guerin, 2000). Not only is placing a reflective strip on a 
small insect difficult, for example de Bruyne and Guerin (1994) attached a 1.5 mm^ 
piece of reflective strip to the dorsum of a cattle tick Boophilus microplus (2.5 mm body 
length), but it may also affect the insects' behaviour. The size of the insect was also 
restricted by the limitations of the optical detection system. 
Since the original locomotion compensator, two other devices have been developed. 
Dahmen (1980) tethered beetles to a freely rotating stiff steel wire centred at the apex of 
a hollow Styrofoam sphere (5-cm diameter for small insects, 10-cm diameter for larger 
insects). The sphere was suspended on a horizontal air stream. When the beetle's tarsi 
contacted the surface, the beetle started to walk displacing the sphere under its legs. The 
movement of the ball was recorded by counting how often a beam of light was 
interrupted by the spokes on wheels situated on the x and y axis of the sphere. Recently 
Barrozo and Lazzari (2004) used a modified version of Dahmen (1980) apparatus to 
measure the response of the triatomine bug, T. infestans, to carbon dioxide and other 
host odours. The apparatus was modified by adding an optic sensor that detected the 
movement of the sphere and sent signals to a computer every 0.2 s composed as 
x,y coordinates. Wendler and Vlatten (1993), Scherkenbeck (1999), and Manrique et al. 
(2006) also used this locomotion compensator. Again, this set-up has problems as the 
insect has to be tethered and able to displace the sphere, which may impinge on the 
insect's behaviour. 
In the present study, a locomotion compensator comparable to Kramers (1975) but 
smaller is used (Figure 5.2). Recently, the late Dr. Jan van der Pers from the company 
Syntech developed the Servosphere, also known as the Mini-Locomotion Compensator 
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or Track Sphere LC-100. The Servosphere is based on a large billiard ball, 100-mm 
diameter, and a stereo zoom microscope with a camera. A yellow ball is used with dark 
insects and a black ball is used for light coloured insects, which is situated on top of an 
aerostatic support ball (Figure 5.2). The application of a reflector at the back of the 
animal is not needed. The insect is kept in the same place as it walks on the ball due to a 
sensor that tracks the contrast between the animal and the uniform surface of the sphere, 
relaying information back to the two motors situated on the x and y axes next to the 
sphere. The motors rotate the sphere to compensate for the movement of the insect. This 
not only allows minimal disruption to the insect, but the sphere can be operated with 
visible and infrared illumination. The design results in an easy to use device suitable for 
the study of small organisms (van Tilborg et al, 2003). 
Wind 
Tunnel 
Glass 
Tube 
Inlet to 
glass tube 
Billiard 
Ball 
Earth 
Stereo zoom 
microscope 
with a camera 
Extractor 
Fan 
V Motors 
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- support ball 
Figure 5.2. The servosphere bioassay used to assess the behavioural response of 
aphids to different semiochemical and visual stimuli. 
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During each experiment, serial data is transmitted to a computer at a rate of 10 Hz and 
with a spatial resolution of 0.1 mm. Software (TrackSphere v.2.0) used in conjunction 
with the servosphere stores the data as xy coordinates in an Excel file and reconstructs a 
real-time track of the animal's displacements. 
To date, only one paper has been published using this novel type of locomotion 
compensator. The behavioural response of the acarine predator, Phytoseiulus persimilis, 
to host plant volatiles was recorded (van Tilborg et al., 2003). Sakuma (2002) also 
developed a locomotion compensator which used motors to move the sphere but the 
attachment of a reflective strip to the insect was still recommended. 
5.1.1. Aim and objectives 
The aim of this chapter is to develop a method to investigate the behavioural response 
of aphids to different semiochemicals using the servosphere. This aim comprises of four 
objectives: 
• To record and assess the behavioural response of Nasonovia ribis-nigri to a 
visual stimulus (light) 
Bell et al. (1983) showed that a behavioural response by cockroaches to light can be 
recorded on a locomotion compensator. Binns (1978) found that alate Aphis fabae (the 
black-bean aphid) orientated and walked to towards a light source (30 W microscope 
bulb) with only slight deviations. In this study, the hypothesis is that alate Nasonovia 
ribis-nigri (the lettuce aphid) virginoparae will orientate and move towards a light 
stimulus. The null hypothesis to be tested is that the behaviour of alate N. ribis-nigri 
virginoparae will not be affected by a light stimulus. 
• To develop a method of introducing odour to aphids on the servosphere 
Past researchers have introduced odours to locomotion compensation devices via three 
methods. Wendler and Vlatten (1993), Scherkenbeck (1999), Barrozo et al. (2003) and 
Manrique et al. (2006) used the locomotion compensation device as a "stimultaneous-
discrimination" bioassay. The insects were confronted with two opposite airstreams, one 
bearing clean air and the other bearing the test stimulus. This method was not used in 
this project as the majority of problems, previously discussed, with other olfactometers 
occur. A second method consisted of a glass/stainless steel tube (Rickli et al., 1992; de 
Bruyne and Guerin, 1994; Taneja and Guerin, 1995; Guerenstein and Guerin, 2001; 
McMahon et al., 2003; van Tilborg et al., 2003). Clean air was pushed over the apex of 
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the locomotion compensating device through a glass or stainless steel tube that had 
sufficient diameter to cover the maximum scanning range of the insect's antennae. The 
final method used a wind tunnel (Thiery and Visser, 1987; Visser and Taanman, 1987; 
Vet and Papaj, 1992). In this thesis, a combination of the second and third method is 
developed to introduce odours to aphids on the servosphere. 
• To record and assess the behavioural response of male Megoura viciae to 
the conspecific ratio of the sex pheromone components 
In the four-way olfactometer, Hardie et al. (1990) showed that male Megoura viciae 
(the vetch aphid) exhibited a behavioural response to the conspecific ratio of the sex 
pheromone components. In order to determine if a behavioural response of an aphid to 
an odour stimulus can be recorded, the behavioural response of male M. viciae to the 
conspecific ratio 1:6 (li?5,4aS'i?,7<S'i?,7a^5)-nepetalactol: (4a;S,75',7a/?)-nepetalactone (I) 
is tested. The hypothesis is that male M viciae will orientate and move towards the sex 
pheromone components, exhibiting positive odour-induced anemotaxis. The null 
hypothesis to be tested is that the behaviour of male M viciae will not be affected by the 
presence of the sex pheromone components. 
• To record and assess the behavioural response of male Dysaphis plantaginea 
to different mixtures of (4a5',75',7ai?)-nepetalactone (I), 
nepetalactol (III) and (15',2jR,35)-dolichodial (X) 
In Chapter 4, it was shown that in the four-way olfactometer, male Dysaphis 
plantaginea (the rosy apple aphid) spent more time in the arm containing dolichodial 
and a mixture of 4:1:0.05 (li?,4aiS,75',7a/?)-nepetalactol (III): (4aiS',75,7ai?)-
nepetalactone (I): (15',2i?,35)-dolichodial (X), compared to the control arms (clean air). 
This suggests that these treatments induce a behavioural response in male 
D. plantaginea. Using the servosphere, dolichodial alone, a three-component mixture 
[4:1:0.05 (li?,4aS',7»S',7ai?)-nepetalactol (III): (4aS',75',7a/?)-nepetalactone (I): 
(liS',2i?,35)-doHchodial (X)] and a two-component mixture [4:1 (li?,4aS',75',7ai?)-
nepetalactol (III): (4aS,75',7ai?)-nepetalactone (I)] are tested to see if the same response 
occurs and also to assess the type of behavioural mechanism underlying the response. 
The hypothesis is that male D. plantaginea will orientate and move towards dolichodial 
and the three-component mixture, exhibiting positive odour-induced anemotaxis. The 
null hypothesis to be tested is that the behaviour of male D. plantaginea will not be 
affected by the presence of dolichodial and the three-component mixture. 
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5.2. METHODS 
5.2.1. General set-up of the servosphere bioassay 
In order to reduce possible confounding visual stimuli the servosphere sides and base 
were covered with white paper. The top of the sphere was illuminated by a circular 
fluorescent microscope light (10 W, SZ-FLR Fluorescent Ring Illuminator, Olympus) 
and was covered with plain white paper in order to ensure even diffusion of light onto 
the servosphere ball. The microscope light was also fitted with a solid state electronic 
ballast causing the lamp flickering rate to be above the insect's sensitivity level (26000 
Hz) (Shields, 1989). A needle connected to the base of the servosphere was earthed by 
connecting it to the mains electricity earth. The needle was positioned so it would touch 
the ball and prevent static from interfering with the insects' movements. The 
servosphere was also placed on an electrostatic mat (grey conductive rubber mat, RS 
supplies) which was also connected to the mains electric earth. The sphere was washed 
after each bioassay and the wind tunnel and glassware was washed after each block of 
experiments. The servosphere ball and wind tunnel were washed with an aqueous 
solution of Teepol, ethanol and distilled water, then air dried. The glassware was 
washed with Teepol, acetone and distilled water, then dried in an oven at 150°C for 2 h. 
5.2.2. Behavioural response of Nasonovia ribis-nigri to a visual stimulus (light) 
A visual stimulus was tested to assess if the behavioural response of an aphid could be 
recorded using the servosphere. A 48 W lamp (Prior, England) provided a single light 
source, 80 cm away from the sphere. When switched on, half of the sphere had a higher 
light intensity compared to the other half Alate N. ribis-nigri (the lettuce aphid) 
virginoparae were allowed to acclimatise for 10 min on the servosphere ball. Each 
replicate consisted of a confrol before freatment (light off, 2 min) followed by three 
consecutive freatment periods (light on, 2 min) with a control after each treatment 
(light off, 2 min). Seven aphids were tested in total. 
5.2.3. A method for introducing odour to aphids on the servosphere 
Infroducing the odour by a glass tube alone or a wind tunnel alone was investigated but 
the odour delivery system used in this thesis incorporated a wind tunnel and a glass tube 
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(Figure 5.2). This aided the removal of the odour from the servosphere bioassay and 
maintained the airflow over the top of the servosphere ball where the insect was present. 
A glass tube (7-mm diameter) with a side inlet was positioned 2 cm away from the 
insect inside a wind tunnel (cross section: 9.5 cm x 10 cm) (Figure 5.2) air was pushed 
through the main body of the glass tube (200 ml min"') and clean air was pushed 
(100 ml min'^) through a glass chamber (25 ml) containing the odour source into the 
inlet. Air was passed through a charcoal filter to purify and water to humidify the air. 
The wind tunnel maintained a continuous flow (40 cm s"^ ) over the servosphere and 
removed the odour from the servosphere environment. At the other side of the 
servosphere was an extraction fan. A smoke test using an incense stick was used to 
observe the airflow (Figure 5.3). 
Smoke 
Glass 
Tube 
Billiard 
Ball 
Figure 5.3. A picture of the smoke test on a servosphere bioassay. 
5.2.4. Behavioural response of male Megoura viciae to the conspecifie ratio of the 
sex pheromone components 
The behavioural response of M. viciae males to the sex pheromone released by 
con-specific oviparae was tested. Megoura viciae sex pheromone has already been 
identified to comprise a ratio of 1:6 (li?5',4a5i?,75'i?,7ai?<S)-nepetalactol: (4aaS',75',7a/?)-
nepetalactone (I) (Dawson et al, 1990). 0.5 cm of (li?,4a5,75',7a/?)-nepetalactol (III) 
lure [release rate: 25 |ig cm'' day'' (Graves, 2003)] and 1.5 cm {AaS,lS,laR)-
nepetalactone (I) lure [release rate: 50 |ig cm"' day'' (Graves, 2003)] was placed in the 
inlet chamber. 
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Before the experiments began, each male M. viciae was allowed 10 min to acclimatize 
to the experimental environment without stimulation (in still air). Each replicate 
consisted of a control before treatment (clean airflow, 5 min) followed by three 
consecutive treatment periods (5 min) with a control period after each treatment 
(clean airflow, 5 min). Eighteen aphids were tested in total. 
5.2.5. Behavioural response of male Dysaphis plantaginea to different mixtures of 
(4a5',75',7aJf)-nepetalactone (I), (lif,4a5,7iS',7ai?)-nepetalactol (III) and (15',2jR,35)-
dolichodial (X) 
The behavioural response of D. plantaginea males to the sex pheromone released by 
conspecific oviparae was tested. In Chapter 4, three volatiles were collected from 
D. plantaginea oviparae and were identified as (4aSi?,7»S7?,7a/?^-nepeta[actone, 
(li?,4a.S,7/S',7a/?)-nepetalactol (III) and (157?,2i?5',35'i?)-dolichodial. The behavioural 
response to (15',2i?,3iS)-dolichodial (X) alone and a mixture of 4:1:0.05 (li?,4aS,75,7ai?)-
nepetalactol (III): (43^9,75',7a/?)-nepetalactone (I): (15,2i?,35)-dolichodial (X) was 
recorded. 
Three treatments [12.5 ng jil'^  (15,2i?,35)-dolichodial (X), 1 mg ml"^  
4:1 (li?,4aS',75',7ai?)-nepetalactol (III): (4a5',75',7ai?)-nepetalactone (I) and 1 mg ml"' 
4:1:0.05 (li?,4aS',75',7a/?)-nepetalactol (III): (4aS',75',7ai?)-nepetalactone (I): (15,2i?,35)-
dolichodial (X)] were tested. Each treatment (10 |li1) was applied to filter paper and 
placed in separate glass containers (25 ml). Each of the treatments were introduced to 
the glass side arm separately. Prior to the experiments, each male was allowed 10 min to 
acclimatize to the experimental environment without stimulation (in still air). Each 
replicate consisted of a control before treatment (clean airflow, 5 min) followed by three 
consecutive treatment periods (5 min) with a control period after each treatment (clean 
airflow, 5 min). Each treatment was tested on each aphid and the order of the treatments 
were applied in a Latin square design. Seventy-two aphids were tested in total 
(24 or 12 replicates depending on statistical test (section 5.2.6). 
5.2.6. Statistical analysis 
For each treatment application, different response parameters were measured. Figure 5.4 
and Table 5.1 shows each of the response parameter and how they were calculated. The 
average walking speed, track straightness, track length towards light or upwind, track 
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straightness towards hght or upwind and the cosine of the vector angle were the 
parameters used in the statistical analysis. Vector length and track length were 
correlated to average walking speed and track straightness so was not used in the 
statistical analysis. Circular plots of the vector angles were drawn and the overall trend 
in vector angles with respect to upwind direction (0°) were classified with regards to 
Taneja and Guerin (1995) classification (Table 5.2). 
Light and 
Wind Direction 
• 
Vector Angle 
— = Vector length (mm) 
= Track length (mm) 
= Track length towards 
light or upwind (mm) 
Figure 5.4. The different parameters obtained from the servosphere data. 
Table 5.1. Calculation of the different parameters obtained from the servosphere 
data. 
Parameter Calculation Units 
Average walking speed 
Track Length 
Time 
mm s"' 
Track Straightness 
Track Length 
Vector Length 
Range = 0* to 1 
Meandering to straight 
Range = -1 to 0* to 1 
Track straightness Upwind Length Straight downwind or away from light 
towards light or upwind Track Length to meandering to straight upwind or 
towards light 
Cosine of the vector 
angle 
Upwind Length 
Vector Length 
Range = -1 to + 1 
upwind or towards light to downwind 
or away fi"om light 
* 0 means the insects has finished walking at the same place to where it started, within 
the fixed time period. 
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Table 5.2. Classification of aphid vector angles with respect to upwind direction 
(0°) recorded on a servosphere (Taneja and Guerin, 1995). 
Classification Cosine of vector angle Vector angle 
Upwind > 0.5 to 1 0° to < 60° and > 300° to 360° 
Crosswind <0.5 to >-0.5 > 60° to < 120° and < 300° to > 240° 
Downwind <-0.5 to-1 >120° to <240° 
Two different experimental designs have been implemented by past researchers. One 
experimental design (Guerenstein and Guerin, 2001; McMahon and Guerin, 2002; 
McMahon et al, 2003), consisted of each experiment having a control period 
immediately followed by a test period, in turn followed by an end-control period. In the 
second design (Thiery and Visser, 1987; Visser and Taanman, 1987), experiments 
consisted of a control period (control before treatment) then three consecutive 
treatments with clean airflow in between each treatment (control after treatment). In this 
project, the data was analysed by both methods. Firstly, the data from the control before 
treatment, the first treatment, and the first control after treatment was analysed. This 
analysis is c a l l e d r e s p o n s e data. Secondly, all the data was analysed i.e. the control 
before treatment, three treatment periods and the three control periods after treatment. 
This analysis is called all response data. 
Analysis of variance for all parameters of the first response data was obtained using 
REML [Restricted Maximum Likelihood (Patterson and Thompson, 1971)] as 
implemented in GenStat 8.0 (Payne et al, 2005) for the following linear mixed model; 
y ijk = // + Block i + Insect j +CvT k + e ijk 
y ijk measurement for an individual insect 
IJ- fixed constant or overall mean 
Blocki random effect of block 
Insectj random effect of insect 
Cvfk fixed effect of treatment 
gijk residual error 
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Analysis of variance for all parameters of all response data was obtained using REML 
(Patterson and Thompson, 1971) as implemented in GenStat 8.0 (Payne et al, 2005) for 
the following linear mixed model: 
y ijkim ~ + Block i + Insect j + Set k+ CvT \ + Time m + CvT. Time im + e ijkim 
yijklm measurement for an individual insect 
y" fixed constant or overall mean 
Block i random effect of block 
Insectj random effect of insect 
random effect of set (order of treatments) 
Cvf i fixed effect of treatment 
Time m fixed effect for time 
CvT. Time im covariates for time and treatment interaction 
^ ijkim residual error 
Both models fit a linear regression for each of the treatments. For the statistical analysis, 
no transformations were required in order to approximate normality of residuals. 
In both designs, repeated measures on the same experimental unit (an aphid) occur. 
Repeated measurement experiments have been used in animal, plant and human 
research for several decades but there are disadvantages and advantages. There are two 
major advantages. Firstly, it economizes on subjects which is important when the 
subjects are limited i.e. the availability of male aphids (Minke, 1997; Huck, 2000). 
Secondly, they provide good precision for comparing treatments because all sources of 
variability between subjects are excluded from the experimental error as each subject 
serves as its own control. Only variation within subjects enters the experimental error, 
since any two treatments can be compared directly for each subject (Greenwald, 1976; 
Minke, 1997). 
The major disadvantage is that the measurements are not independent. For example, the 
speed of an aphid during one treatment may have an effect on the speed of the aphid 
during the next treatment and it is limited to how quickly that aphid can walk. Hurlbert 
(1984) defined pseudoreplication as "the use of inferential statistics to test for treatment 
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effects with data from experiments where either treatments are not repHcated (though 
samples may be) or replicates are not statistically independent." Pseudoreplication is 
only a problem if the statistical analysis is inappropriate and does not take it into 
consideration (Ramirez et al, 2000). In order to take pseudoreplication into 
consideration both analyses had the effect of insect {Insect) which allows incorporation 
of a correlation between observations belonging to the same individual, and in the all 
response data analysis a temporal correlation (autoregressive of first order) was 
incorporated over time for the same individuals. The fixed effect for time {Time) was 
also included to correct for temporal trend. 
Another disadvantage of repeated measurements is known as the carryover effect 
(Keppel and Zedeck, 1989; Huck, 2000). The carryover effect is connected with the 
preceding treatments i.e. how the aphid behaved during the last treatment affects the 
behavioural response to the next treatment. Carryover effects could cause biased results 
(Keppel and Zedeck, 1989). Allowing sufficient time between the treatments is often an 
effective means of reducing carryover effect. The last disadvantage of repeated 
measurements is the order affect, is the behavioural response to a treatment was affected 
by placement in the order of treatments (Keppel and Zedeck, 1989; Huck, 2000). Two 
methods were implemented in these experiments in order to overcome this problem. 
Firstly, randomisation of the treatment orders, by a Latin square design, was conducted. 
Secondly, a random effect of set {Set) was added to the equation to test if the order of 
treatments introduced to the insect had an effect on its behaviour. 
Past researchers have analysed the data obtained from the servosphere using non-
parametric test and paired tests i.e. Wilcoxon matched-pairs signed ranks, Mann-
Whitney U Test and Fishers-exact test (Visser and Taanman, 1987; Tinzaara et al., 
2003; Donze et al., 2004). None of these tests takes into consideration any of the 
disadvantages of using repeated measurements. 
All hypotheses were evaluated using a Wald test (Littell et al., 2006) considering a 
significance level of 5%. Predicted standard errors of the difference (S. E. D.s) were 
used to calculate the least significant differences (L. S. D.s) (Fisher, 1935): 
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L. S. D.5O/„= S. E. D. X 1.96 
L. S. D.1% = S. E. D. X 2.6 
L. S. D.s were used to test if the treatment was significantly different to the control and 
the control after treatment. In the final experiment [the behavioural response of male 
D. plantaginea to different mixtures of (4a5,75',7ai?)-nepetalactone (I), 
(li?,4aiS,75',7ai?)-nepetalactol (III) and (15',2i?,35)-dolichodial (X)] L. S. D.s were used 
to test if the behavioural response to the (15',2i?,3'S)-dolichodial (X) treatment was 
significantly different to the response to the two mixtures. 
5.3. RESULTS 
5.3.1. Behavioural response of Nasonovia ribis-nigri to a visual stimulus (light) 
Table 5.3 and Figure 5.5 show the response of alate N. ribis-nigri virginoparae to light 
on the servosphere when it was applied once (first response data). Nasonovia ribis-nigri 
significantly increased track length towards the light (Figure 5.5.C) and the straightness 
of tracks towards the light (Figure 5.5.D) in the presence of the stimulus. The cosine of 
the vector angle (Figure 5.5.E) shows that the aphids significantly walked towards the 
light. With all three parameters, the response variable significantly increased when light 
was present compared to both the control before the treatment and the control after the 
treatment. Mean walking speeds and track straightness did not significantly differ 
between the three treatments. 
Table 5.3. Summary of hypothesis testing for different response parameters by 
alate Nasonovia ribis-nigri virginoparae (n = 7) to a visual stimulus (light) using the 
first response data. P-values shown, red values are significant. 
Track Track towards light Cosine of vector 
Average speed 
straightness angle length straightness 
CvT 0.271 0.073 <0.001 0.031 0.004 
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Figure 5.5. Different parameters (means + S. E.) of the walking tracks of alate 
Nasonovia ribis-nigri virginoparae in response to a visual stimulus (light) on the 
servosphere (first response data, n = 7), a = significantly different from the control 
before treatment, b = significantly different from control after treatment. 
* Denotes significance at 5% level, ** denotes significance at 1% level. 
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When looking at all response data (control followed by 3 repeats of 2 min light and 
2 min light off per insect), significant differences (Table 5.4) were again seen in the 
cosine of the vector angle, track length towards light and the straightness of tracks 
towards light. The same trends (Figure 5.6) were seen as with ihe. first response data. 
The insect increased the track length towards light (Figure 5.6.C), and straightness of 
tracks towards light (Figure 5.6.D) in the presence in light compared to the control 
before and after treatment. Also, the cosine of the vector angle (Figure 5.6.E) showed 
that the aphids significantly walked towards the light when the stimulus was present 
compared to the control after treatment. Figure 5.7 shows circular representation of the 
vector angles made by N. ribis-nigri in response to the light treatment. One major 
difference with this analysis {all response data) and the previous analysis (first response 
data) was a significant difference was observed with track straightness (Table 5.4). 
Track straightness was increased in the presence of light compared to the control after 
the treatment (Figure 5.6.B). Nasonovia ribis-nigri walked quicker in the presence of 
light compared the control after treatment (Figure 5.6.A), but this was not significantly 
different (p = 0.066). None of the parameters were affected by time or the interaction 
between treatment and time. 
Table 5.4. Summary of hypothesis testing for different response parameters by 
alate Nasonovia ribis-nigri virginoparae (n = 7) to a visual stimulus (light) using all 
response data. P values shown, red values are significant. 
Average speed 
Track Track towards light Cosine of 
straightness length straightness vector angle 
CvT 0.066 0.002 <0XW1 <(1001 <(1001 
Time (1851 0,875 0.947 &863 &834 
CvT.Time a i 7 3 0.480 0.523 &901 0.945 
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Figure 5.6. Different parameters (means ± S. E.) of the walking tracks of alate 
Nasonovia ribis-nigri virginoparae in response to a visual stimulus (light) on the 
servosphere {all response data, n = 7). a = significantly different from the control 
before treatment b = significantly different from control after treatment. * Denotes 
significance at 5% level, ** denotes significance at 1% level. 
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Figure 5.7. Circular representation of the distribution of the direction of walks of alate Nasonovia ribis-nigri virginoparae (n = 7) to a 
visual stimulus (light) on the servosphere during 2 min test period. A is control before treatment. B, D, F, II are treatment (light). C, E, 
G, and I are control after treatment. Order of stimulus delivery was alphabetical order. I and II is all response data together. - • Denotes 
direction of light. Numbers around edge and length of line indicate number of insects walking in that direction. 
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5,3.2. Behavioural response of male Megoura viciae to the conspecific ratio of the 
sex pheromone components 
Table 5.5 and Figure 5.8 show the response of male M viciae to the sex pheromone 
components released by con-specific oviparae [1:6 (li?,4aS',75,7a/?)-nepetalactol (III): 
(4aS',75',7a/?)-nepetalactone (I)] on the servosphere when applied once {first response 
data). The results show that male M. viciae, in the presence of the sex pheromone, 
significantly increased the average walking speed, the overall track straightness and the 
upwind track length. The average walking speed increased at the onset of the sex 
pheromone, but did not significantly differ between the treatment period and the control 
after treatment period (Figure 5.8.A). With overall track straightness (Figure 5.8.B) and 
upwind track length (Figure 5.8.C), the response variable significantly increased when 
the sex pheromone was present compared to the control after the treatment. Upwind 
track straightness and the cosine of the vector angle did not significantly differ between 
the three periods. 
Table 5.5. Summary of hypothesis testing for different response parameters by 
male Megoura viciae (n = 18) to the conspecific ratio of the sex pheromone 
components using^trs^ response data. P values shown, red values are significant. 
Average Track Upwind track Cosine of 
speed straightness length straightness vector angle 
CvT 0.013 <0.001 0.024 0.480 0.093 
When looking at all response data (control followed by 3 repeats of 5 min sex 
pheromone and 5 min of clean air per insect), significant differences (Table 5.6) were 
seen with all five parameters statistically tested. The parameters were not affected by 
the interaction between treatment and time or time alone, apart from track straightness. 
Track straightness was significantly affected by time. As the duration of the experiment 
increased the straighter the tracks became, in both the treated and control after treatment 
periods (Figure 5.9). 
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Figure 5.8. Different parameters (means ± S. E.) of the walking tracks of male 
Megoura viciae to the conspecific ratio of the sex pheromone components {first 
response data, n = 18). a = significantly different from the control before treatment, 
b = significantly different from control after treatment. * Denotes significance at 
5% level, ** denotes significance at 1% level. 
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Table 5.6. Summary of hypothesis testing for different response parameters by 
male Megoura viciae (n = 18) to the conspecific ratio of the sex pheromone 
components using all response data. P values shown, red values are significant. 
Average speed 
Track Upwind Tracks Cosine of 
straightness length straightness vector angle 
CvT <(X001 <(1001 <(1001 (XOl <(1001 
Time a i 3 3 (1013 0.556 0.582 0.165 
CvT.Time 0.911 0.485 0.987 0.784 0.686 
1.0 1 
0^-
I 
.2f a 
0.4 -
0.2 -
0.0 
3 4 
Time* 
Sex pheromone 
Control after 
treatment 
Figure 5.9. The affect of time* on the straightness of tracks (means ± S. E.) by male 
Megoura viciae (n = 18) to the conspecific ratio of the sex pheromone components 
using all response data. *Time: 1 = 10-15 min, 2 = 15-20 min, 3 = 20-25 min, 
4 = 25-30 min, 5 = 30-35 min, 6 = 35-40 min, 7 = 40-45 min. 
Male M. viciae significantly increased the straightness of track (Figure 5.10.B), upwind 
track length (Figure 5.10.C), and upwind track straightness (Figure 5.10.D) in the 
presence of the sex pheromone compared to the control after treatment. Also, the cosine 
of the vector angle (Figure 5.10.E) showed that aphids significantly walked more 
upwind when the sex pheromone components were present compared to control after 
treatment. Figure 5.11 shows circular representation of the vector angles made by 
M. viciae in response to the treatment. The average walking speed was significantly 
quicker when the sex pheromone components were present compared to the control 
before treatment and the control after treatment (Figure 5.10.A). 
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Figure 5.10. Different parameters (means ± SE) of the walking tracks of male 
Megoura viciae to the conspecific ratio of the sex pheromone components {all 
response data, n = 18). a = significantly different from the control before treatment, 
b = significantly different from control after treatment. * Denotes significance at 
5% level, ** denotes significance at 1% level. 
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Figure 5.11. Circular representation of the distribution of the direction of walks of male Megoura viciae (n = 18) to the conspecific ratio 
of the sex pheromone components and in clean air on the servosphere during 5 min test period. A is control before treatment. B, D, F, II 
are treatment (sex pheromone) period. C, E, G, I are control after treatment. Order of stimulus follows alphabetical order. I and II is all 
response data together. - • Denotes direction of wind. Numbers around edge and length of line indicate number of insects walking in that 
direction. Yellow shaded area is upwind, grey shaded area is downwind, according to Table 5.2. 
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5.3.3. Behavioural response of male Dysaphis plantaginea to different mixtures of 
(4aiS',7iS',7ai2)-nepetalactone (I), (li?,4aiS',7»S',7ai?)-nepetalactol (III) and (15',2i?,3»S)-
dolichodial (X) 
Table 5.7. and Figure 5.12. show that the response of male D. plantaginea to 
(15',2i?,35)-dolichodial (X) and different ratios of (li?,4aiS',75',7a/?)-nepetalactol (III): 
(4a5,76',7ai?)-nepetalactone (I): (15',27?,3iS)-dolichodial (X) on the servosphere when one 
treatment was applied {first response data). A significant difference between the 
treatments was observed when testing average speed, track straightness and upwind 
track length. When the treatment 4:1 (li?,4aiS',7»S',7ai?)-nepetalactol (III): {AdiS,lS,laR)-
nepetalactone (I) was present, the average walking speed of D. plantaginea (Figure 
5.12.A) was significantly slower than the average walking speed of the control after 
treatment and when only (15,2i?,35)-dolichodial (X) was present. It was not 
significantly different to the control before treatment or the three-component treatment. 
Track straightness (Figure 5.12.B) was significantly different when comparing results 
fi-om the two-component mixture and the three-component mixture with (15',2i?,35)-
dolichodial (X). Male D. plantaginea walked in a tortuous manner when the mixtures 
were present. Results obtained using the two-component mixture were also significantly 
different to the control before treatment and the control after treatment. When the three-
component mixture was present, male D. plantaginea walked significantly more upwind 
compared to the movement during the control before treatment (Figure 5.12.C). The 
upwind track straightness and the cosine of the vector angle did not significantly differ 
between the treatments. Figure 5.13. shows circular representation of the vector angles 
made by D. plantaginea in response to the treatments. 
Table 5.7. Summary of hypothesis testing for different response parameters by 
male Dysaphis plantaginea (n = 24) to (15',2^,3>S)-dolichodial (X) and ratios of 
(li?,4a5',75',7aif)-nepetalactol (III): (4a5',75',7ai?)-nepetalactone (I): (15',2i?,35)-
dolichodial (X) first response data. P values shown, red values are significant. 
Track Upwind track Cosine of vector 
Average speed 
straightness angle length straightness 
CvT 0.045 0.020 0.022 0.110 0.168 
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Figure 5.12. Different parameters (means ± S. E.) of the walking tracks of male 
Dysaphis plantaginea to (liS',2i?,3»S)-dolichodial (X) and ratios of (lif,4aS',75',7a.R)-
nepetalactol (III): (4aS',75',7ai?)-nepetalactone (I): (l/S',2i?,3/S)-dolichodial (X) {first 
response data, n = 24). a = significantly different from the control before treatment, 
b = significantly different from (li9,2if,3iS)-dolichodial (X), c = significantly 
different from control after treatment. * Denotes significance at 5% level, 
** denotes significance at 1% level. 
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Figure 5.13. Circular representation of the distribution of the direction of walks of 
male Dysaphis plantaginea {first response data, n = 24) to (15',2i?,35)-dolichodial (X) 
and ratios of (li?,4aS',75',7ai?)-nepetalactol (III): (4aS',75',7ai?)-nepetalactone (I): 
(16^,22(,3^-dolichodial (X) on the servosphere during 5-min test period. Denotes 
direction of wind. Numbers around edge and length of line indicate number of 
insects walking in that direction. Yellow shaded area is upwind, grey shaded area 
is downwind, according to Table 5.2. 
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When looking at all response data (control, three treatments and controls after each 
treatment) a significant difference in mean speed, track straightness and upwind track 
length was again observed, but the responses were different (Table 5.8 and Figure 5.14). 
The Walds test shows that mean speed was significantly different when looking at the 
treatment (CvT) but by using L. S. D.s no significant difference was observed between 
the different treatments. From the graph (Figure 5.14.A), the trend shows the speed 
recorded in the control before treatment was slower than the rest of the treatments. 
Track straightness (Figure 5.14.B) was significantly different when comparing the 
three-component mixture and (15,2i?,35)-dolichodial (X). Male D. plantaginea walked 
in a more tortuous manner when the three-component mixture was present. When the 
two-component mixture, not the three-component mixture was present, male 
D. plantaginea walked significantly more upwind compared to the control before 
treatment (Figure 5.14.C). Upwind track straightness and the cosine of the vector angle 
did not significantly differ between the treatments. 
Table 5.8. Summary of hypothesis testing for different response parameters by 
male Dysaphis plantaginea (n = 12) to (15',2i?,35)-dolichodial (X) and ratios of 
(li?,4aS',75',7aif)-nepetalactol (III): (4a5',75',7ai?)-nepetalactone (I): 
dolichodial (X) using all response data. Red values are significant. 
Average speed 
Track Upwind track Cosine of 
straightness length straightness vector angle 
CvT <0.001 <0.001 0.031 0.456 0.619 
Time <0.001 <0.001 0.513 0.927 0.548 
CvT.Time 0.228 0.093 0.199 0.348 0.581 
Set 0.132 0.779 0.563 0.115 0.225 
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Figure 5.14. Different parameters (means ± S. E.) of the walking tracks of male 
Dysaphis plantaginea to (15',2i?,3/S)-dolichodial (X) and ratios of (li?,4315,75",7a/?)-
nepetalactol (III): (4aS',75',7ai?)-nepetalactone (I): (15',2i?,35)-dolichodial (X) {all 
response data, n = 12). a = significantly different from the control before treatment, 
b = significantly different from dolichodial, c = significantly different from control 
after treatment. * Denotes significance at 5% level, ** denotes significance at 1% 
level. 
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The behavioural parameters were not affected by time, apart from mean speed and track 
straightness (Table 5.8). The two-component and the three-component mixtures, and the 
controls after treatment, produced faster (Figure 5.15.A and Figure 5.16.A) and 
straighter tracks (Figure 5.15.B and Figure 5.16.B) as the duration of the experiment 
increased. The effect was not as apparent during the (15',2i?,35)-dolichodial (X) 
treatment or the control after (15,2i?,35)-dolichodial (X) period. 
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Figure 5.15. The affect of time* on the (A) average walking speed and (B) 
straightness of walking tracks (means ± S. E.) of male Dysaphis plantaginea 
(n = 12) to (15',2i?,35)-dolichodial (X) and ratios of (1/2,435,75,7aJ?)-nepetalactol 
(III): (4aS',75',7aif)-nepetalactone (I): (15',2i?,35)-dolichodial (X). 
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Figure 5.16. The affect of time* on the (A) average walking speed and (B) 
straightness of walking tracks (means ± S. E.) of male Dysaphis plantaginea 
(n = 12) to control after (15',2i?,35)-dolichodial (X) and ratios of (li?,4aS',75',7ai?)-
nepetalactol (III): (4aS',75',7ai?)-nepetalactone (I): (15',2i?,35)-dolichodial (X). 
*Time period 1 = 10-15 min, 2 = 15-20 min, 3 = 20-25 min, 4 = 25-30 min, 
5 = 30-35 min, 6 = 35-40 min, 7 = 40-45 min. 
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5.4. DISCUSSION 
5.4.1. To record and assess the behavioural response of Nasonovia ribis-nigri to a 
visual stimulus (light) 
Alate N. ribis-nigri virginoparae were shown to orientate and move towards a light 
source placed horizontally 80 cm away from the servosphere. No other stimuli occurred 
during this experiment. It can therefore be concluded that alate N. ribis-nigri 
virginoparae exhibit a positive phototactic response. This result is in agreement with 
past research working with different aphid species. Birms (1978) examined the effects 
of the direction of incident light on walking that terminates in take-off and found that 
alate black-bean aphids, A. fabae, orientated and walked towards a light source. It was 
concluded that the behavioural response occurs in order for the aphid to orientate and 
find the top of the plant on which they are situated. Once at or near the top and a light 
intensity threshold is reached, flight is induced. Phelan et al. (1976) also provided 
evidence and concluded that when aphids were mechanically dislodged from a plant 
(i.e. by rain and wind) they exhibit positive phototaxis. From this experiment, it can be 
concluded that a behavioural response by an aphid to a stimulus can be recorded using 
the servosphere. 
When light was not present, the track length towards light and straightness towards light 
was low. The cosine of the vector angle and the circular representation analysis of the 
walking direction of the aphids suggested the aphids walked in random directions. As 
the mean cosine of vector angle was not towards the light, this explains why the total 
track length and straightness towards light was low. Overall, the straightness of the 
walking tracks in the control before treatment was similar to walking fracks during the 
light period. This behaviour response may be ascribed to a ranging behavioural 
mechanism (Jander, 1975). This mechanism occurs when the insect has no information 
regarding the spatial location of the object (i.e. a plant or mate) and therefore a 
behaviour strategy has to be adopted in order to increase the likelihood of coming into 
contact with a relevant stimulus. Insects are thought to range in a relatively straight line 
(Bell, 1984) or nearly straight correlated random walks (Zollner and Lima, 1999), as 
this is the most effective strategy in locating objects which are patchy in distribution. 
This allows the insect to cover as much ground as possible and helps minimise the 
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hazard of 'searching' a location that has already been visited. In the control before 
treatment there was minimal visual, odour or wind stimuli, also the aphid was on a 
foreign substrate, therefore the aphid walked in random directions and in straight lines 
in order to locate a stimulus i.e. light. When light was removed in this experiment, again 
the aphid had no specific stimuli so it walked in a random direction, but this time in a 
significantly more tortuous manner when compared to the treatment period. This 
behaviour is in response to the aphids losing the stimulus as a tactic to enable relocation 
of the stimulus is needed. The loss of stimulus induces a ranging response but with a 
local 'search' pattern (Visser, 1988). Random orientation and tortuous tracks increase 
the probability of encountering the stimulus again. 
5.4.2. To record and assess the behavioural response of male Megoura viciae to the 
conspecific ratio of the sex pheromone components 
In the four-way olfactometer, Hardie et al. (1990) showed that male M viciae exhibited 
a behavioural response to the conspecific ratio of the sex pheromone components. In 
order to determine if a behavioural response by an aphid to an odour stimulus can be 
recorded on the servosphere the experiment was repeated. The behavioural response of 
M viciae to the conspecific ratio 1:6 (li?,4a^,75',7a/?)-nepetalactol (III): (4a5',75',7ai?)-
nepetalactone (I) was tested and a behavioural response was recorded. The results 
obtained firom the statistical analysis of all response data are used as discussed later in 
section 5.4.4. 
When the sex pheromone was present, male M viciae walked faster. This behavioural 
response has been exhibited in other arthropods during the onset of host odour. For 
example, the bont tick, A. variegatum, the North Asian taiga tick, Ixodes persulcatiis 
and the European sheep tick, Ixodes ricins all exhibited an increase in speed in the 
presence of odour fi-om rumen fiuid (Donze et al., 2004). The Colorado potato beetle, 
L. decemlineata increased walking speed in presence of a host-plant odour, but 
decreased average walking speed when non-host plant odour was present (Thiery and 
Visser, 1986). Male M viciae also orientated themselves and walked straighter towards 
the wind direction when the sex pheromone was present compared to the control 
periods. Whilst on the servosphere, when the sex pheromone components were present, 
the insects did not come into contact with any odour gradients as a constant source of 
odour was delivered to the aphid, therefore kinesis responses were excluded fi"om the 
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experiments (de Bruyne and Guerin, 1994), also minimal visual stimulus was present. 
The effects of sex pheromone on orientation must be indirect i.e. the aphids orientate 
themselves to the wind direction on stimulation of the odour. Positive odour-induced 
anemotaxis is demonstrated by male M viciae in response to the sex pheromone being 
present. Only one paper has been published which investigates the behaviour response 
of aphids to odours on a locomotion compensating device. Visser and Taanman (1987) 
investigated the behavioural response of the oligophagous aphid C. korschelti to host 
and non-host plant volatiles on the original locomotion compensator (Kramer, 1975). 
Positive odour-induced anemotaxis was demonstrated by C korschelti when host-plant 
odour was present. Non-host plant odour induced a negative anemotaxis. A response by 
an aphid to a pheromone has not been tested on any locomotion compensating device 
but Bell and Kramer (1980) concluded that male American cockroaches, Periplaneta 
americana, displayed odour-induced anemotaxis towards their sex pheromone. 
During both control before treatment and control after treatment periods male M viciae 
walked upwind and the upwind preference was strengthened when the sex pheromone 
components were present. One difference between the control before treatment and 
control after treatment was the straightness of the tracks. In the control before treatment, 
the tracks were straight whereas in the control after treatment the tracks became more 
tortuous. The only stimulus the aphid was receiving in these periods was the direction of 
wind. 
The behaviour exhibited by male M. viciae in the control before treatment can, as in the 
previous experiment, be ascribed to a ranging behavioural mechanism (Jander, 1975), 
like the behaviour exhibited in the control before treatment in the previous experiment, 
hence the straightness of the tracks. Whereas in the previous experiment no stimuli were 
present in the control period, in this experiment wind stimulation occurs. The walking 
angles of the aphids are no longer random and the aphid exhibits an anemotaxic 
behavioural response. In the past, several models have been proposed to describe the 
optimal strategies employed by insects in order to contact an odour plume when a wind 
stimulus occurs. It has been proposed and modelled that the optimal strategy for the 
insect is to move crosswind (Dusenbery, 1989, 1990) and if this isn't an option, down 
wind movement is the optimum as the insects can move faster (Sabelis and Schippers, 
1984; Dusenbery, 1989). A second strategy is to either move upwind or follow a 
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menotactic angle [orientation at an angle to the direction of the stimulus field (Jander, 
1963; Wyatt, 2004)] with respect to the direction of a wind current (Dusenbery, 1990). 
Bell and Krammer (1979) reported that cockroaches, P. americana (at certain wind 
speeds) and Blaberus craniifer exhibited a walking angle between 0° and 45° relative to 
the wind direction and Visser and Thiery (1986) also found that Colorado potato 
beetles, L. decemlineata, displayed a menotactic response to the wind. Cryptomyzus 
korschelti exhibited slight upwind response to clean air (Visser and Taanman, 1987). 
Few M viciae exhibited crosswind orientation (12% of aphids, .A) and downwind 
orientation (12% of aphids) whilst on the servosphere according to Taneja and Guerin 
(1995) classification, but the majority of the aphids walked at an angle to the wind in an 
upwind direction (76% of aphids). They walked at a mean vector angle of 50° (cosine = 
0.642) to the wind direction, but if the four aphids which walked cross or down wind 
was excluded the mean vector angle would be higher. One advantage of a slight upwind 
orientation is that it helps maintain a straight walking course, the wind direction serving 
as a collimating stimulus (Dusenbery, 1992), and will therefore increase the chances of 
locating stimuli fi-om an object. A second advantage was argued by van Tilborg (2003) 
on discovery of starved predatory mite P. persimilis orientating upwind in a clean air 
stream. It was argued that there is a selective advantage for upwind orientation as this 
behaviour does not require a behaviour switch upon entering a plume. 
The behaviour exhibited by male M viciae in the control after treatment was similar to 
the control before treatment as the aphids walked at a similar vector angle but the paths 
are more tortuous. This behaviour has also been seen by other researchers when a 
treatment is removed firom an experiment. For example, the triatomine bugs Rhodnius 
prolixus and T. infestans exhibited more crosswind and tortuous walks after the 
treatment was removed from the air-stream (Taneja and Guerin, 1995; Otalora-Luna et 
al, 2004). Like the behaviour response exhibited by N. ribis-nigri in the control after 
treatment in the previous experiment, this behaviour is in response to the insects losing 
the odour stimulus and a tactic to enable relocation of the stimulus is needed. The loss 
of stimulus induces a ranging response but with a local 'search' pattern (Visser, 1988). 
Donze et al. (2004) recorded intense local 'searching' behaviour by the bont tick, 
A. variegatum on removal of rumen fluid odour (host-odour volatiles) from the air 
stream. The slight upwind movement and tortuous tracks increase the probability of 
encountering the stimulus again. 
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Only track straightness was influenced by time. In both the control after treatment and 
treatment, track straightness increased with time. This may occur because of a carryover 
effect. The second and third time the aphid detects the presence or absence of the 
treatment the straightness of tracks are enhanced as the aphid may recognise the 
treatment from the previous application so orientates and responds quicker than the 
previous application. As summarised in Bell (1984) and Visser (1988), insects not only 
respond to externally driven sensory information [allothetic (Mittelstaedt and 
Mittelstaedt, 1973) or exokinetic (Jander, 1975)] i.e. odour plume, but also internally-
derived information [endokinetic: genetic and stored information (Jander, 1975) or 
idiothetic: stored through proprioreceptors or leamt (Mittelstaedt and Mittelstaedt, 
1973)]. Burger (1972), summarised in Bell (1984), suggested that spatial information 
can be stored for use in subsequent idiothetic orientation, like a locomotory history or 
track memory. 
5.4.3. To record and assess the behavioural response of male Dysaphis plantaginea 
to different mixtures of (4aS',75',7ai?)-nepetalactone (I), (li?,4a5',75',7ai?)-
nepetalactol (III) and (15',2if,3»S)-dolichodial (X) 
Chapter 4 showed that in the four-way olfactometer male D. plantaginea spent more 
time in the arm containing (15',2i?,35)-dolichodial (X) and a mixture of 4:1:0.05 
(li?,4a^,75',7ai?)-nepetalactol (III): (4a5',75',7ai?)-nepetalactone (I): (15',2i?,35)-
dolichodial (X), compared to the control arms (clean air). This suggests that these 
treatments induce a behavioural response in male D. plantaginea. No significant 
difference was seen when the two-component mixture [4:1 (17?,4a^,75',7ai?)-
nepetalactol (III): (4a5,75',7ai?)-nepetalactone (I)] was present. The three component 
mixture and the two component mixture, at the same levels as tested in the four-way 
olfactometer, were tested using the servosphere. In addition, (15',2i?,35)-dolichodial (X) 
was tested on its own at the same level as in the three component mixture. This allows a 
conclusion to be made as to whether the behaviour response to the three component 
mixture was due to the (15',2i?,35)-dolichodial (X) or a synergistic effect. The results 
obtained from the statistical analysis of f i r s t response data are used, as discussed later in 
section 5.4.4. 
In the control before treatment, the walking tracks of male D. plantaginea were straight, 
and the cosine of the vector angle and the circular representation of the walking 
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direction of the aphids suggested the aphids walked in a crosswind (25% of aphids, 
Figure 5.13) or upwind direction (47% of aphids) according to Taneja and Guerin 
(1995) classification. Again this can be ascribed to a ranging behavioural mechanism 
(Jander, 1975). 
When (15,2i?,35)-dolichodial (X) was introduced, no significant differences were seen 
between the control before treatment, the treatment period, and the control after 
treatment. These results suggest that (l<S',2i?,35)-dolichodial (X) does not elicit a 
behavioural response by male D. plantaginea contrary to the results from Chapter 4. It 
is possible that the concentration of (15',2i?,35)-dolichodial (X) presented to the 
servosphere was the incorrect concentration to elicit a behavioural response on the 
servosphere. For example, Bell and Kramer (1979) found that as the quantity of the sex 
pheromone extract increased, the American cockroach, P. americana, changed its 
orientation with respect to the wind and the walking tracks were straighter. Also an 
increase in upwind orientation by gypsy moths, Lymantria dispar, occurred when the 
pheromone, (+)-disparlure, concentration increased (Preiss and Kramer, 1986). Further 
experiments should be conducted testing the response of male D. plantaginea to 
different concentrations of (15',2i?,35)-dolichodial (X) in order for a valid conclusion to 
be ascertained. 
The speed and the straightness of the walking tracks of the male D. plantaginea in the 
presence of the two-component mixture were significantly different to (15,27?,35)-
dolichodial (X). The aphids moved slower and relatively tortuously compared to the 
response to (15',2i?,35)-doUchodial (X). The tracks were also more tortuous in the 
presence of the two-component mixture compared to the control before treatment and in 
the presence of the three-component mixture compared to (15',2i?,35)-dolichodial (X). 
This suggests that the two components, (4aS',7iS',7ai?)-nepetalactone (I) and 
(li?,4a5,75,7ai?)-nepetalactol (III), that are both present in the two-component mixture 
and the three-component mixture may have an arrestment response on walking male 
D. plantaginea. An arrestment is "a chemical that, in the absence of orientation cues, 
often causes the insects to aggregate near the chemical source by decreasing the speed 
of locomotion or appropriately affecting the rate of turning" (Dethier et al, 1960). The 
data presented here shows there was an overall decrease in the average speed and an 
increase in the tortuous movement of the aphid, but a more detailed analysis is needed 
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looking at how the speed of the insect changes over the 5 min application of the 
treatment before a conclusion can be ascertained. Also in the experiment there was an 
orientation cue, wind, so to be true to the term "arrestment" the mixtures should be 
tested using a different experimental design i.e. one which does not involve an air-flow. 
On removal of the two-component mixture the average speed and straightness of the 
tracks did significantly increase adding weight to the argument that these compounds 
may act as an arrestment on walking aphids. In 1972, Marsh investigated the 
behavioural response of male M viciae to odours from conspecific oviparae using a 
pathway olfactometer. The pathway olfactometer consisted of males walking on a 
porous paper which was placed above zones containing oviparae (Marsh, 1975). No air 
flow was used. Odour from M. viciae oviparae caused male M. viciae to display an 
orthokinetic (decrease in walking speed) and klinokinetic (increase in the rate of 
turning) behavioural responses, hi addition, when males walked out the oviparae zone, 
they promptly returned to the zone. It was concluded that the odour caused an 
arrestment and an atfraction [A chemical that causes insects to make oriented 
movements towards its source (Dethier et al, 1960)] response by male M viciae. At this 
stage the components of the sex pheromone were unknown. To-date no other paper has 
investigated whether the aphid sex pheromone or components of the aphid sex 
pheromone cause an arrestment and/or an attraction behavioural response in males. 
Researchers use either the four-way olfactometer (Campbell et al, 1990; Guldemond et 
al., 1993), the linear-track olfactometer (Hardie et al., 1990; Lilley and Hardie, 1996) or 
field studies (Campbell et al., 1990; Hardie et al., 1992; Hardie et al., 1994a) to 
ascertain the affect these components have on the behavioural response of males. As 
already discussed, these bioassays do not distinguish between the different behavioural 
mechanisms underlying the behavioural response. 
A significant response was also observed with upwind track length. Male 
D. plantaginea spent longer walking upwind in presence of the three-component 
mixture compared to the confrol before freatment. This suggests that the three-
component mixture may induce an anemotactic response by the aphids. (15,2/?,35)-
Dolichodial (X) needs to be included in the mixture to orientate the aphids to the source. 
This was not reflected in a change in cosine of the vector angle, as no significant 
difference was seen, but when looking at the circular representation, the majority of 
vector angles were crosswind (33% of aphids. Figure 5.13) or slightly upwind (46% of 
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aphids) according to Taneja and Guerin (1995) classification. Jander (1975) suggested 
that there are two major orientation phases. The first one, described as 'searching', is 
when an insect is acquiring insufficient information about the spatial location of the 
object, and the second one, described as 'approach' (or 'avoidance'), is where there is 
precise information about the spatial location of the object. Perhaps, as with the 
(15',2J?,35)-dolichodial (X) treatment, the aphid receives insufficient or slightly incorrect 
information so a strong odour-induced anemotactic response does not occur i.e. the 
quantity or ratio of the components may be slightly incorrect but not so different that the 
aphid does not show a slight response. This behavioural response has been exhibited by 
other arthropods. For example the triatomine bugs R. prolixus and T. infestans walks 
exhibited a high crosswind component when only CO2 was present in the airflow but 
when the odour firom a mouse was present (including CO2) a positive anemotactic 
response was induced. In clean air, a negative anemotactic response was induced 
(Taneja and Guerin, 1995). It was concluded the response to CO2 was due to the 
treatment being an incomplete stimulus incapable of inducing a strong anemotactic 
response. 
The theory that the two components, (4a^,75,7a/?)-nepetalactone (I) and 
(li?,4aS',75,7ai?)-nepetalactol (III), initiates arrestment behaviour and that (15,27?,35)-
dolichodial (X) needs to be present in the mixture for an odour-induced anemotactic 
response to occur also ties in with the results from the four-way olfactometer in Chapter 
4. As already discussed, in the four-way olfactometer male D. plantaginea spent more 
time in the arm containing the three-component mixture but no significant differences 
were seen when the two-component mixture was present. In the four-way olfactometer 
experimental design there was a middle region, region 5. In this region the aphid does 
come into contact with the stimulus and therefore if the two-component mixture is 
acting as an arrestment on male D. plantaginea, the decrease in speed and increase in 
turning rate would occur before the insect reaches the treated arm area. Therefore, the 
insect spends as much time in the treatment area as the other control areas but it may 
spend more time in the middle area towards the treated arm. When the three-component 
mixture was tested, the aphid responds by moving upwind towards the treatment and 
therefore spends more time in the treated arm compared to the control arms. 
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5.4.4. Statistical analysis 
The first two experiments conducted investigated the response of an aphid (N. ribis-
nigri and M viciae) to one treatment (hght and sex pheromone components 
respectively). The data analysis from all response data showed that the time into the 
experiment had no significant effect on the parameters apart from one. Therefore, 
repeated application of the freatment did not affect the behavioural parameters and it 
enhanced the significance of the test due to the advantages of using repeated 
measurements (section 5.2.6). Time was significant when looking at frack sfraightness 
of male M. viciae in response to the sex pheromone components, but an interaction 
between treatment and time was not observed. The effect of time on the confrol after 
freatment and freatment was the same, they both increased by the same amount over 
time. Therefore the conclusions determined from the first response data and all 
response data was the same. From this we can conclude, in these two experiments, 
using all response data is the best statistical analysis. 
Problems occur when testing different treatments on the same aphid as in the final 
experiment, the behavioural response of male D. plantaginea to different mixtures of 
(4aS,75',7ai?)-nepetalactone (I), (li?,4aS',75',7ai?)-nepetalactol (III) and (1S,2R,3S)-
dolichodial (X). The analysis of all the response data showed that there was no effect of 
set (the order the three treatments were applied to the insect) but there was an effect of 
time on average speed and track straightness. When looking in detail at the results, time 
did not affect the parameters when (15',2i?,3iS)-dolichodial (X) was present or the control 
after (15',2J?,35)-dolichodial (X). The same results occurred if the (1S,2R,3S)-
dolichodial (X) was presented to the aphid at the 30^ ^ min compared to the 15"^  min. 
However, time did affect the behavioural response to the two mixtures and the controls 
after the two mixtures. The longer the insect was present on the ball, the faster the 
average speed and sfraighter the fracks were in the presence of the two mixtures or in 
the confrol after the two mixtures. This caused the ranks of the treatments to be different 
at the start of the experiment compared to the end of the experiment. For example, at the 
beginning of the experiment the walking tracks of the aphids were the straightest when 
(16',2i?,35)-dolichodial (X) was present and were more tortuous when the two-
component mixture was present. At the end of the experiment, the tracks were the 
straightest when the two component mixture was present and, by comparison, more 
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tortuous when (15',2i?,3'S)-doHchodial (X) was present. The straightness of the tracks 
when (l<S,2i?,3'5)-dohchodial (X) was present did not alter throughout the experiment. 
Even though the interaction between treatment and time was not significant, the graphs 
show that time does have an effect and this does affect the conclusions drawn fi-om the 
results. The conclusion determined when analysing all response data differs from that 
arrived at from analysis o f f i r s t response data. This experiment was slightly different to 
the other two experiments as different treatments were applied throughout the 
experiment. Repeats of the same treatment did not occur. Because of this and because 
time had a significant effect we can conclude, in this experiment, using first response 
data is the best statistical analysis. 
This effect of time is probably due to a carryover effect. Unlike the other experiments 
repeated measurements of the same treatment did not occur, three different treatments 
were introduced to the servosphere. Between each treatment, 5 min was allowed for the 
aphid's behavioural response to change from a 'searching' response to a ranging 
response. This transition is caused by a shift in the equilibrium between idiothetic 
circling and allothetic control (Visser, 1988). Past researchers using experimental 
designs which incorporated measurements of an insects' behavioural response to 
different odours left either 1 h (Thiery and Visser, 1986; Visser and Taanman, 1987; 
van Loon et al, 2000; Tinzaara et al, 2003) or 2 h (Vet and Papaj, 1992) between 
treatments. If this procedure was followed the behaviour response of each insect to each 
of the four freatments would take between 5 and 8 h. Not only would it be impossible to 
test each treatment combination in a day, the time of day each treatment was introduced 
may also effect the behavioural response of the insect. Thiery and Visser (1986), Visser 
and Taanman (1987) and van Loon et al. (2000) did not statistically test if time had an 
effect and the insects were exposed to the treatments in the same order. Vet and Papaj 
(1992) and Tinzaara et al. (2003) systematically altered the order of treatments but 
again a statistical test was not performed to determine the effect of time and set. In all of 
these past papers, a difference was seen between the odour treatments suggesting a 
carryover effect was avoided. In this thesis, 5 min control and treatment periods were 
conducted so that the overall time period of testing the behavioural response of one 
insect would be less than 1 h. Acclimatisation (10 min), a control before treatment 
(5 min) followed by three 5 min treatment and control after treatment meant that each 
aphid spent 45 min on the servosphere. There were six different set combinations, so 
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this time allowed all six to be tested in one day (a block). Each day the order of each set 
was altered, forming a Latin square design. In the future, a longer control after treatment 
should be introduced in order to avoid the carryover effect. 
5.4.5. Problems with the set-up of the servosphere bioassay 
Problems did occur whilst setting up the servosphere bioassay. One minor problem was 
the build up of electrostatic charge on the sphere. Electrostatic charge hinders the 
locomotion of the aphids as it prevented the movement of their legs, van Tilborg (2003) 
also encountered this problem when testing the behavioural response of an acarine 
predatory mite, P. persimilis, to Lima bean volatiles on the servosphere. The static they 
encountered also caused dust particles to rain down on the sphere that hampered the 
tracking of the mite. Within this thesis, the problem of electrostatic charge was partially 
overcome by attaching the servosphere to the mains earth and by humidifying the air-
flow over the top of the ball. Static still occurred infrequently, and when it did the 
experimental run was abandoned. 
The main task to overcome during the set-up of the servosphere was how to introduce 
the odour to the aphids. Several techniques were tested (all including an odour delivery 
tube) but the main problems included the removal of the odour from the servosphere 
bioassay and being able to maintain an air flow over the top of the servosphere ball 
where the insect was present. Finally, a method that incorporated a wind tunnel and an 
odour delivery tube was developed which combated these problems and a behavioural 
response to an odour was recorded. However, the system still is not perfect. Using the 
dehvery tube and the wind tuimel combination, the insect receives a constant stream of 
odour. This may cause habituation and a behavioural response may not be seen. Also, in 
a natural environment, odour travels down wind in pockets (section 1.4.1). van Tilborg 
et al. (2003) also described this problem. They discussed how their set up, the use of a 
delivery tube, provided a constant flow that caused a situation where the mite was 
"captured" in an "infinite odour field." In the future, a pulsing device is to be tested. 
The device will pulse the odour into clean air, therefore simulating the environment 
further down wind from the source in a natural environment. The odour will be moving 
in pockets. 
174 
Chapter 5 The Servosphere Bioassav 
5.5. CONCLUSION 
Behavioural responses to a visual stimulus and odour stimuli by different species of 
aphid have been recorded using the servosphere. Alate N. ribis-nigri virginoparae 
exhibit a positive phototaxis response to the visual stimulus (light) and a positive odour-
induced anemotaxis was demonstrated by male M viciae in response to the conspecific 
ratio of the sex pheromone components. Male D. plantaginea exhibited an odour-
induced anemotaxis when the three-component mixture, 4:1:0.05 (li?,4a5,75',7ai?)-
nepetalactol (III): (4a5,7iS,7ai?)-nepetalactone (I): (15',2i?,36)-dolichodial (X), was 
present. This behavioural response was not exhibited when the two-component mixture 
or (15',2i?,35)-dolichodial (X) alone was present. This suggested that {\S,2R,'iS)-
dolichodial (X), in synergism with the (4a5',75',7a/?)-nepetalactone (I) and 
(li?,4aS',75',7ai?)-nepetalactol (III), causes an effect on the orientation of male 
D. plantaginea. Overall, a method was successfully developed to investigate the 
behavioural response of aphids to semiochemicals using the servosphere. 
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CHAPTER 6. THE EFFECT OF (Z)-JASMONE ON A SWEET 
PEPPER BASED SYSTEM WITH REGARDS TO APHID AND 
PARASITOID INTERACTIONS 
6.1. INTRODUCTION 
Sweet peppers {Capsicum annuum in the family Solanaceae), also know as bell peppers, 
pimentos and capsicums, are high value crops generally grown in a protective 
environment i.e. imder glass or plastic tunnels or houses, but can also be grown in the 
open field where climate conditions are suitable (EMPPO, 2004a, b). Two important 
pests of sweet pepper are the monoecious Aulacorthum solani (the glasshouse-potato 
aphid) and the heteroecious Myzus persicae (the peach potato aphid). Both aphids 
exhibit anholocyclic and holocyclic life cycles. Aulacorthum solani is a major pest of 
young and mature sweet pepper plants grown under glass (Malais and Ravensberg, 
2004; Weintraub and Cheek, 2005). It causes direct damage to sweet pepper plants by 
injecting toxic saliva into the plant during feeding. The toxin causes blemishes (black 
rings and spots) on the fruits, obvious yellow spots on the leaves and malformations of 
new leaves. Heavy yellowing may lead to defoliation. The yellowing reduces 
photosynthesis leading to a reduction in growth of the plant and yield (Malais and 
Ravensberg, 2004; Sanchez et al, 2007). Aulacorthum solani can also transmit the 
cucumber mosaic virus to sweet pepper plants (MacNab et al., 1983; Weintraub and 
Cheek, 2005). Myzus persicae is the most important vector of viral disease, shown to 
transmit over 100 plant viruses (Blackman and Eastop, 2000). Potato virus Y is 
frequently responsible for severe loss of sweet pepper yields (Raccah et al., 1985) and is 
transmitted by at least seven species of aphid, but most efficiently by M persicae 
(Fereres et al., 1993). 
Current control measures for these two aphids include the application of insecticides or 
the use of biological control agents. As already discussed (Chapter 1), the future of 
insecticide usage looks compromised due to resistance (Devonshire and Moores, 1982; 
Moores et al., 1994; Martinez-Torres et al., 1999) and increasing political and public 
pressures for a safe environment (Jones, 1998; Luijk et al., 1998; Pretty et al, 2000; 
Pimentel, 2005). Parasitic wasps or parasitoids (Braconidae: Aphidiinae) e.g. the 
generalist aphid parasitoid Aphidius ervi, are being used as biological control agents to 
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control aphid population in sweet pepper plants (EMPPO, 2004b) but with varying 
levels of control (Hunger et al, 1999; Molck and Wyss, 2001). Aphids have a short 
generation time (approximately 1 week) (Dixon, 1985; Dreyer and Campbell, 1987) 
which results in very large populations developing quickly (Blackman and Eastop, 
2000). Parasitoids have a comparatively slow generation time (2-3 weeks) (Powell and 
Poppy, 2001). This difference in generation time leads to a delay in the establishment of 
the parasitoids and the crops being unprotected. Also, only a small number of aphids 
which are infected with a virus are required to start a viral outbreak in the crop 
(Nault, 1997). Parasitoids need to be established when aphid infestations are low so 
aphid control can occur quickly (Powell et al., 2003). hi fact it is advised that A. ervi is 
released as soon as the first aphids appear in the crop (Malais and Ravensberg, 2004). 
Unfortunately, parasitoids are ineffective at controlling low populations. When aphids 
are scarce, failures in locating host colonies increase which may induce an increased 
widespread dispersal i.e. to a different environment (Schworer and Volkl, 2001). Also, 
aphids tend to drop from the plant quickly when disturbed by the parasitoid and it has 
been shown that A. ervi is insufficiently persistent in foraging to maintain effective 
control (Weintraub and Cheek, 2005). Spot treatments of insecticides then have to be 
applied to help prevent local outbreaks, which also has a detrimental effect on the 
parasitoid not to mention the increase in economic cost (Desneux et al., 2004). Another 
problem that limits the efficacy of aphid parasitoids as biological control agents is that 
they are usually reared on a different host-plant complex than that upon which they are 
released (van Emden et al., 1996). Learning processes associated with emergence of the 
parasitoids from their cocoons endow the parasitoids with a preference to search from 
the host-plant complex on which they are reared (van Emden et al., 1996). 
One option to increase the efficiency of the parasitoid as an effective control measure is 
to use a plant activator which would initiate inducible plant defence responses e.g. 
(Z)-jasmone (Figure 6.1). (Z)-Jasmone was originally identified as playing a role in host 
alternation of Nasonovia ribis-nigri (the lettuce aphid), but has more recently been 
shown to be a plant activator (section 1.5.2). Application of (Z)-jasmone to bean 
{Vicia faba) and wheat {Triticum aestivum) plants has been shown to causes a change in 
metabolic pathways and an alteration in secondary plant chemistry (Birkett et al., 2000; 
Pickett et al., 2007). Consequently, behavioural responses of aphids and parasitoids to 
the plants treated with (Z)-jasmone was also altered. Three times more aphid 
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parasitoids, A. ervi, preferred (Z)-jasmone treated bean plants to untreated bean plants in 
wind tunnel studies (Birkett et al., 2000). Aphidius ervi also spent more time foraging 
on wheat plants treated with (Z)-jasmone compared to untreated plants (Bruce et al., 
2003b). hi addition, aphid colonisation was reduced on plants treated with (Z)-jasmone. 
Bruce et al. (2003a) not only noticed fewer alate Sitobion avenae (the grain aphid) 
settling on wheat plants treated with (Z)-jasmone, compared to untreated wheat plants, 
but also the aphids which colonised the wheat plants showed a reduced intrinsic rate of 
population increase. 
O. 
Figure 6.1. (Z)-Jasmone 
So far, no work has investigated the effect of (Z)-jasmone on sweet pepper plants. If 
(Z)-jasmone is an activator of sweet pepper plants then aphid infestation could be 
reduced and biological control agents could be used more effectively. (Z)-Jasmone 
could promote an increase in parasitoid foraging which would lead to an increase in 
parasitized aphids when infestation levels are low, and the change in the secondary 
chemistry of the crop may encourage the parasitoids to stay within the crop. The 
increase in foraging may also lead to an increase in newly-emerged parasitoids from 
introduced mummies to staying on a host-plant complex, which may be different to the 
host-plant complex they were reared. Storeck et al. (2000) showed that parasitoid 
preferences for host-plant complexes can be changed by subsequent foraging 
experiences. A increase in development time of the aphids may also lead to an increase 
in parasitization as a larger 'window of opportunity' for the parasitoid to attack the 
aphid will occur (Poppy and Powell, 2004). The application of a plant activator will 
help maintain a population of parasitoids in a low infested crop leading to an improved 
control of the aphid population. 
6.1.1. Aim and objectives 
The overall aim of this chapter is to assess the effect of (Z)-jasmone on a sweet pepper 
plant based system with regards to aphid and parasitoid interactions. Within this aim, 
there are four objectives: 
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• To investigate the effect of (Z)-jasmone on the behavioural response of alate 
Aulacorthum solani and Myzuspersicae to sweet pepper plant volatiles 
Olfactometers are used to investigate whether the behavioural response of aphids to the 
volatile profile of the sweet pepper plants is altered by the application of (Z)-jasmone. 
This will give in insight into the effect of (Z)-jasmone on host location by the aphids. In 
the past it has been shown that host location is affected by the application of 
(Z)-jasmone. Alate Sitobion avenue (the grain aphid) spent significantly shorter periods 
in the arm containing volatiles from wheat plants treated with (Z)-jasmone compared to 
the control arms (clean air) in the four-way olfactometer (Bruce et al, 2003b). The 
hypothesis is that M persicae and A. solani are attracted to volatiles fi-om untreated 
sweet pepper plants and are repelled by the volatiles from sweet pepper plants freated 
with (Z)-jasmone. The null hypothesis to be tested is that the behaviour of M persicae 
and A. solani is not affected by volatiles from untreated and (Z)-jasmone treated sweet 
pepper plants. 
• To investigate the effect of (Z)-jasmone on the growth rate of Aulacorthum 
solani and Myzus persicae on sweet pepper plants 
Growth rate trials are conducted to assess if the application of (Z)-jasmone to the sweet 
pepper plants affects the development rate, adult weight and reproductive rate of aphids 
colonising the plants. The hypothesis is that the application of (Z)-jasmone on sweet 
pepper plants would be detrimental to the growth rate of the aphids. The null hypothesis 
to be tested is that the application of (Z)-jasmone on sweet pepper plants has no effect 
on the growth rate of the aphids. 
• To investigate the effect of (Z)-jasmone on the behavioural response of 
Aphidius ervi to sweet pepper plant volatiles 
In this study, four-choice olfactometer bioassays, foraging and no-choice experiments 
are conducted to assess if (Z)-jasmone affects behavioural activity in A. ervi. The 
hypothesis is that an increase in attraction to and foraging on sweet pepper plants treated 
with (2)-jasmone will occur, which will lead to an increase in parasitization of aphids. 
The null hypothesis to be tested is that the application of (Z)-jasmone on sweet pepper 
plants will have no effect on the behaviour of A. ervi. 
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• To investigate the effect of (Z)-jasmone on the volatile profile of sweet 
pepper plants 
Finally, the volatile profile of sweet pepper plants is investigated to assess if there is a 
change in the volatile chemicals release from the plants when treated with (Z)-jasmone. 
Birkett et al. (2000) found that bean plants exposed to (Z)-jasmone vapour showed a 
consistent increase in the production of (£)-y0-ocimene throughout the 192 h experiment. 
An enhancement of (£',£)-a-famesene, /?-caryophyllene and (£)-4,8-dimethyl-l,3,7-
nonatriene was also seen but this was not consistent. The hypothesis is that the 
application of (Z)-jasmone will induce the release of secondary plant chemicals from 
sweet pepper plants. The null hypothesis to be tested is that the application of 
(Z)-jasmone will have no effect on the volatile profile of sweet pepper plants. 
6.2. METHODS 
6.2.1. Plant and insect material 
Sweet pepper, Capsicum annuum c. v. Bell Boy, plants were grown in glasshouses at 
20°C under an 16L: 8D photoperiodic regime. For the collection of volatiles (section 
6.2.6), plants at the eight-week growth stage were grown in 12.5-cm diameter pots. For 
other experiments, plants at the five-week growth stage were grown in 7.5-cm diameter 
pots. Aulacorthum solani and M. persicae virginoparae (alate and apterous) were 
obtained as stated in section 2.1.1. The generalist aphid parasitoid A. ervi was obtained 
as stated in section 2.1.7. 
6.2.2. Treatment of plants 
In all experiments, each plant was randomly allocated to one of the following 
treatments: untreated, treated with a blank formulation and treated with (Z)-jasmone. 
Plants treated with a blank formulation were hydraulically sprayed with an emulsion 
(Table 6.1), and plants treated with (Z)-jasmone were hydraulically sprayed with 
(Z)-jasmone (50 g ha" )^ in an emulsion (Table 6.1). The sprayer moved at a velocity of 
1.0 m s"^  and at a height of 35 cm above the pots. The plants were left for 24, 48 or 72 h 
prior to each experiment in separate glasshouse compartments. 
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Table 6.1. Contents of the blank formulation and (Z)-jasm.one solutions applied to 
sweet pepper plants. 
Spray Components 
Blank formulation 0.1 ml Ethylan BV, 100 ml deionised water 
(Z)-Jasmone 0.1 ml Ethylan BV, 100 ml deionised water, 25 [il of (Z)-jasmone 
6.2.3. The effect of (Z)-jasmone on the behavioural response of alate Aulacorthum 
solani and Myzus persicae to sweet pepper plant volatiles 
A four-way olfactometer (section 2.5.1) was used to test the response of alate 
M. persicae to sweet pepper plants. Seven treatments (untreated plant, (Z)-jasmone 
treated plant and blank formulation treated plants: 24, 48 and 72 h after spraying) were 
tested in a randomised block experimental design. Each plant was placed into one of the 
glass vessels (2 L) containing filter paper treated with 2 ml redistilled water. The three 
control vessels were similarly treated with 2 ml of redistilled water on filter paper. 
Sixteen replicates were done. The behavioural response by alate A. solani was not 
recorded as insufficient alates were cultured. 
6.2.4. The effect of (Z)-jasmone on the growth rate of Aulacorthum solani and 
Myzus persicae on sweet pepper plants 
Aphid growth rate trials were used to investigate the effect of (Z)-jasmone on the 
development rate of two aphid species, A. solani and M. persicae. Five adult apterous 
aphids were placed in each of 14 clip cages (5-cm diameter), attached to five-week-old 
sweet pepper plants and left overnight to larviposit. Neonate nymphs, collected the 
following morning, were weighed in batches of five in a 0.2 ml Eppendorf tube on a 
microbalance (Cahn C33, Scientific and Medical Products Ltd, Manchester, UK) and 
then transferred to firesh sweet pepper plants. The nymphs were contained on the plant 
in clip cages. The plants were kept in a control environment room (21°C, 16L: 8D, 
40% RH). After seven days individual nymphs were re-weighed and the mean relative 
growth rate (MRGR) was calculated (Fisher, 1920; Radford, 1967; Leather and Dixon, 
1984) as: 
_ (^"^{seven day weight) - \n{birth weighty 
AiJvCj iv — 
I 7 ) 
These individual nymphs were then allowed to continue development on fi-esh plants, in 
order to calculate the intrinsic rate of population increase (rm). The time taken to moult 
181 
Chapter 6 The Effect of (Z)-Jasmone on a Sweet Pepper Based System 
to adult and produce their first nymph was recorded, after which the number of nymphs 
produced per day was noted, the nymphs being removed to prevent overcrowding. The 
rm value was calculated using the time taken from birth to produce the first nymph (D) 
and the number of nymphs produced over a period equivalent to time D (FD) starting at 
the production of the first nymph. A constant obtained from the mean pre-reproductive 
times (the period between the adult moult and onset of reproduction) for numerous 
aphid species (Wyatt and White, 1977) was used in the calculations using the equation: 
I D j 
This was repeated with five-week-old sweet pepper plants freated with (Z)-jasmone and 
blank formulation, 24 h previously. Twenty-three replicate individuals of A. solani were 
reared on unfreated seedlings, 18 on blank formulation treated seedlings and 26 on 
(Z)-jasmone-treated seedlings. Natural log (In) transformed (Rawlings et al, 1998) data 
for birth, 7-day and adult weights, the MRGR, D, FD and rm were compared by one-
way ANOVA (Montgomery, 1997) as implemented in Genstat 8.0 (Payne et al., 2005). 
A natural log (In) fransformation (Rawlings et al., 1998) was needed in order to 
normalise the residuals of the weight data. Least significant differences [L. S. D.s 
(Fisher, 1935)] were used to compared untreated plants with plants treated with blank 
formulation to assess if the blank formulation had an effect. Then results from the 
(Z)-jasmone freated plants were compared with plants freated with the blank 
formulation to assess if (Z)-jasmone had an effect on the growth rate of the aphid. 
The experiment was repeated with apterous M. persicae. Forty-eight replicate 
individuals of M. persicae were reared on untreated seedlings, 35 on blank formulation 
treated seedlings and 40 on (Z)-jasmone treated seedlings. 
6,2.5. The effect of (Z)-jasmone on the behavioural response of Aphidius ervi to 
sweet pepper plant volatiles 
6.2.5.1. Olfactometer Study: Female Aphidius ervi and the four-choice olfactometer 
A four-choice olfactometer (section 2.5.2) was used to test the response of naive female 
A. ervi to sweet pepper plants. A preliminary study to test if the parasitoids exhibited a 
behavioural response to the odour of untreated sweet pepper plants was done. 
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Three treatments [control, a positive control (10 |il 1 mg ml"' 1:1 (lR,4aS,7S,7aR)-
nepetalactol (III): (4aS',75',7a/?)-nepetalactone (I) in redistilled hexane (Glinwood, 
1998) and sweet pepper plants] were tested in a randomised block experimental design. 
Each plant was placed into two of the glass vessels (2 L) containing filter paper treated 
with 2 ml redistilled water whilst the other two glass vessels contained filter paper 
treated with 2 ml redistilled water. Eight replicates were done. 
The results (Figure 6.2 and Table 6.2) showed that A. ervi chose the four arms evenly in 
control conditions. Significantly more A. ervi chose the arms containing the positive 
control and the untreated sweet pepper plants compared to the control arms. From this, 
it can be conclude that A. ervi prefered the odour of the sweet pepper plants to clean air. 
• Treatment 
D Control 
• No-Choice 
Control Positive Control Sweet Pepper 
Figure 6.2. The response (means ± S. E.) of naive mated female Aphidius ervi 
(n = 16) to controls (moist filter paper), a positive control [1:1 ratio of 
(li?,4aS',75',7ai?)-nepetalactol (III): (4aS',75',7ai?)-nepetalactone (I)] and to sweet 
pepper plants in a four-choice olfactometer. * Denotes significantly different from 
control at 5% level, *** denotes significantly different from control at < 0.1% 
level. 
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Table 6,2. Chi square table on the response of naive mated female Aphidius ervi 
(n = 16) to a control, a positive control [1:1 ratio of (li?,4aiS',75',7aR)-nepetalactol 
(III): (4aiS',75',7ai?)-nepetalactone (I)] and to sweet pepper plants in a four-choice 
olfactometer. * Denotes significance at 0.5% level, *** denotes significance at 
< 0.1% level, n. s. denotes not significant. 
Treatment 
Choice Chi (d. f. = 1) Heterogeneity Chi (d. f. =7) 
F value P value F value P value 
Control 0.11 n. s. 1.60 n. s. 
Positive control 6.4 * 13.87 n. s. 
Sweet Pepper 21.00 * * * 3.57 n. s. 
As naive female A. ervi preferred the odour of the sweet pepper plants to clean air, 
direct comparison tests between untreated sweet pepper plants, sweet pepper plants 
treated with blank formulation or (Z)-jasmone treated 48 h previously were done to 
assess if A. ervi preferred volatiles from plants treated with (Z)-jasmone (Table 6.3 for 
experiments performed). If the treated plants were tested against clean air and naive 
female A. ervi chose the treated arms, then it would not be known if (Z)-jasmone 
enhanced the response. The comparison tests were tested in a randomised block 
experimental design. Each treatment was placed into two of the glass vessels (2 L) 
containing filter paper treated with 2 ml redistilled water. Sixteen replicates were done. 
Table 6.3. Comparison tests performed in the four-choice olfactometer to assess 
the effect of (Z)-jasmone on the behavioural response of Aphidius ervi to sweet-
pepper plant volatiles. 
Test Treatment 1 Treatment 2 
1 Untreated sweet pepper plant Untreated sweet pepper plant 
2 Positive control Clean air 
3 Untreated sweet pepper plant 
Sweet pepper plant treated with blank 
formulation 
A 
Sweet pepper plant treated with blank Sweet pepper plant treated with (Z)-
4 formulation jasmone 
5 
Sweet pepper plant treated with (Z)-
jasmone Untreated sweet pepper plant 
1:1 ratio of (li?,4a5,75',7a7?)-nepetalactol (III): (4aS,75',7a/?)-nepetalactone (I) 
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6.2.5.2. Parasitoid foraging behaviour 
Observations of the influence of potential cues on the foraging behaviour of A. ervi 
females were made on five-week-old sweet pepper plants under florescent lighting. All 
plants were selected to have eight leaves (numbered from the base to the top), the same 
height (20-25 cm) and roughly the same shape and leaf surface area. Each plant was 
randomly allocated to one of the following treatments: untreated, (Z)-jasmone treated 
plant and blank formulation treated plant. The bioassays were conducted 24, 48 and 
72 h after spraying. 
At the beginning of the experiment, one naive mated 1-3 day-old female was released 
onto the upper side of leaf number 4. The duration of the behavioural activities 
(walking, resting and cleaning) were recorded using Observer® software (Noldus 1997, 
Version 3 for Macintosh). The position of the female on the plant was recorded 
continuously by noting the leaf number or if it was on the stem. The behaviour activity 
of a parasitoid was recorded for 1 h, or until the female left the plant for more than 5 s. 
Nineteen replicates were done. 
From the timetable created by the Observer® software the following parameters were 
calculated: the total visit time was defined as the time spent on the plant from release to 
departure, the proportion of time spent walking, cleaning and resting and the proportion 
of leaves visited was calculated. A general ANOVA [Genstat 8.0 (Payne et al, 2005)] 
with a confrol (untreated plant) plus factorial design with blocking (Digby et al, 1989) 
was used to statistically test if treatment (blank formulation and (Z)-jasmone treated) 
and time (24, 48 and 72 h after spraying) had an effect on parasitoid foraging. The total 
visit time was fransformed using the natural log (In) in order to normalise the residuals 
(Rawlings 1998). 
6.2.5.3. Parasitoid no-choice tests 
No-choice tests were used to investigate the influence of potential cues on A. ervi 
females to parasitize M. persicae on sweet pepper plants. All plants were 5-weeks old, 
had eight leaves (numbered from the base to the top), the same height (20-25 cm) and 
roughly the same shape and leaf surface area. Each plant was randomly allocated to one 
of the following treatments: control (untreated plant), (Z)-jasmone sprayed plant and 
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blank formulation sprayed plant. Eighteen replicates were done. The no-choice tests 
were performed in a controlled environment room (21°C, 12L: 12D, 40% RH). 
Adult apterous and alate M persicae were placed in clip cages, attached to sweet pepper 
plant seedlings and left overnight to larviposit. This was repeated with seedlings treated 
24 h previously with (Z)-jasmone and blank formulation. The following morning the 
adults were removed, leaving the neonate nymphs. Five days later the nymphs were 
transferred to fi^esh seedlings of the same treatment, which had been sprayed 48 h 
earlier. Five third-instar aphids were attached to the leaf numbers 4,5,6,7 and 8. The 
plants were left for 2 h and then placed into a round breeding cage (20-cm diameter x 
40-cm high, Watkins and Doncaster, Kent). One naive mated 1-3-day-old^, ervi female 
was released into the cage and left for 1 h. At the end of the experiment the plant was 
taken out of the cage, the parasitoid was removed and the number of aphids per leaf was 
noted. Clip cages were then place on the plant in order to retain the aphids. The number 
of aphids, adults, nymphs and mummies were recorded over the next 11 days. 
The proportion of remaining aphids per plant were calculated out of the number of 
starting aphids (n = 25). In addition, the proportion of mummies and adults were 
calculated from the number of remaining aphids per plant after A. ervi attack. The 
number of nymphs per adult per plant was also calculated. For the proportions, the logit 
transformations were used in order to approximate normality of residuals, and no 
transformation was required for nymphs per adult. The logit transformation (Rawlings 
et al, 1998) required a correction of the proportions in order to avoid extreme values 
and the formulas used were; 
Pc = %^ + 0.5^ 
V 
/ 
Logit (x) =ln 
n + \ 
Pc 
\ \-Pc 
Here, x is the number of successes and n is the number of events. 
A general ANOVA (Montgomery, 1997) with a complete randomised design was done 
for all responses, as implemented in GenStat 8.0 (Payne et al., 2005). 
186 
Chapter 6 The Effect of (Z)-Jasmone on a Sweet Pepper Based System 
6.2.6. The effect of (Z)-jasmone on the volatile profile of sweet pepper plants 
Volatiles were collected for 24 h by air entrainment (section 2.2.8) from eight-week-old 
plants randomly allocated to one of the following treatments: unfreated, treated with a 
blank formulation and treated with (2)-jasmone. Air entraiimients were conducted 24, 
48 and 72 h after treatment. Volatiles were analysed by GC (4 |al injection, section 
2.3.1) and by GC-MS (section 2.3.2). Retention indices (section 2.3.3) of all chemicals 
were calculated. 
Approximate quantities of all chemicals were calculated by the following method. Three 
1 10.1 injections of a solution of n-alkanes (C7-C25) in hexane (100 ng jil'^) was analysed 
by GC on a non-polar (HP-1) column. An average area corresponding to 1 ng was 
calculated. Three 4 |a.l injections of the air enfrainment sample were then injected onto 
the same column and the average areas were used to estimate the amounts of chemicals 
within the exfract using the following equation: 
Amount of compound (ng) = '^Amount {ng) of alkanes^ 
Mean Area of alkanes * Mean Area of compound 
The total volume of sample was measured using a 500 [il syringe, enabling the total 
amount of the identified chemical to be calculated. 
6.2.7. Statistical analysis of volatiles collected from sweet pepper plants 
6.2.7.1. Total volatiles collected 
A one-way ANOVA (Montgomery, 1997) was done on the total amount of volatiles 
collected from unfreated sweet pepper plants, sweet pepper plants treated with a blank 
formulation and sweet pepper plants treated with (Z)-jasmone, within each time period 
(24, 48 and 72 h) and implemented in GenStat 8.0 (Payne et al., 2005). 
6.2.7.2. Multivariate analysis 
Multivariate analysis, as implemented in GenStat 8.0 (Payne et al., 2005), were done to 
evaluate variations in raw (i.e. all chemicals present) and chemicals tentatively 
identified by GC-MS data sets between treatments within the different time periods (24, 
48 and 72 h). 
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Principal component analysis (PCA) 
Principal component analysis [PCA (Chatfield and Collins, 1980)] is a data summary 
technique which helps establish correlations within large data sets by reducing the 
dimensionality of multivariate data. Therefore, PCA can be used to reduce the GC data 
to the relevant RIs (chemicals). A new set of axes (the principle components) are used 
for graphical presentation. The first new axis (principal component score) accounts for 
the most variation in the original data set, and subsequent orthogonal axes account for 
further variation cumulatively not accounted for by the previous principal components 
(PC's). The loadings obtained in PCA can be understood as the weights for each 
original variate when calculating the principal components. The loadings of a given PC 
therefore represent the relative extent to which the original 'variates', in this case RI 
values (or chemicals) influence the PC. The most extreme loadings are the most 
relevant, together indicating a contrast between sets of chemicals. Loadings were 
separated into three categories: 1: 'very high weighting', 2: 'high magnitude weighting' 
and 3: 'low magnitude weighting', using ranges appropriate given the loadings sorted 
by size (sorted into categories by differences of a decimal point). Chemicals 
corresponding to loadings in the 'low weight' category (close to 0) were considered not 
to be of any importance. 
Canonical variate analysis (CVA) 
It is also possible to apply canonical variate analysis (CVA) to the GC data as the data 
consisted of observations irom three known groups. Group 1 (untreated sweet pepper 
plants), Group 2 (sweet pepper plants treated with blank formulation), Group 3 (sweet 
pepper plants treated with (Z)-jasmone). The new axis [canonical variate (CV)] is the 
linear combination of the original variates (RIs), which maximises the between group 
variability relative to the within group variability. As for PCA, subsequent axes account 
for further variation cumulatively not accounted for by previous CV's. For CVA, the 
loadings on the variates (RIs) are scaled so that the average within-group variability in 
each canonical variate dimension is 1. Thus, the within-group variation is equally 
represented in each dimension. Loadings corresponding to roots less than 1 are for 
dimensions in the canonical variate space that exhibit more with-in group variation than 
between-group variation. Loadings were separated into three categories 1: 'very high 
magnitude weighting', 2: 'high magnitude weighting' and 3: 'low magnitude 
weighting', using ranges appropriate given the loadings sorted by size (sorted into 
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categories by differences of a decimal point). Retention indices corresponding to 
loadings in the 'low weighting' category (close to 0) were considered not to be of any 
importance. The scores were plotted on a 2-D graph. The mean score for each group, 
also plotted on the graph, is encircled by a 95% confidence interval assuming 
multivariate normality for the data. Under this assumption, these circles have radius, 
-Jzlo.os where zlo.os is the value giving 5% in the upper tail of a chi-squared 
distribution with 2 degrees of freedom, % = number of replicates per group. 
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6.3. RESULTS 
6.3.1. The effect of (Z)-jasmone on the behavioural response of alate Aulacorthum 
solani and Myzus persicae to sweet pepper plant volatiles 
Alate M. persicae spent more time in (Figure 6.3. and Table 6.4) and a significantly 
higher proportion of entries (Figure 6.4) were made into the arm of the olfactometer 
containing the untreated sweet pepper plants odour compared to the control arms (Table 
6.5). 
No significant behavioural responses were recorded to odour fi-om sweet pepper plants 
treated with blank formulation or (Z)-jasmone, 24 h previously, compared to the control 
arms (Figure 6.3, Figure 6.4, and Table 6.4). A significant difference was observed 
between the control arms in the experiment containing the volatiles from sweet pepper 
plants treated with (Z)-jasmone 24 h previously (Table 6.5). Alate M. persicae spent 
significantly higher proportion of time and made a higher proportion of entries into the 
control arm opposite the treated arm (Arm 2) (Figure 6.5 and Table 6.6). 
A significant behavioural response to volatiles from sweet pepper plants treated with 
(Z)-jasmone, 48 h previously, was not observed (Figure 6.3, Figure 6.4, and Table 6.4). 
However, alate M persicae did spend a significantly higher proportion of time in the 
treated arm containing volatiles from sweet pepper plants treated with blank formulation 
48 h previously, compared to the control arms (Figure 6.4). No significant differences 
were seen between any of the confrol arms (Table 6.5). 
Seventy-two hours after treatment, a significantly higher proportion of entries were 
made into the arm containing sweet pepper plants treated with blank formulation and 
(Z)-jasmone compared to the control arms (Figure 6.4). Volatiles from the plants treated 
72 h previously did not affect the proportion of time spent in the treated arm compared 
to the control arms (Figure 6.3. and Table 6.4). A significant difference was seen 
between the confrol arms in the experiment containing the volatiles from sweet pepper 
plants freated with (Z)-jasmone 72 h previously (Table 6.5, Figure 6.6 and Table 6.6). 
Myzus persicae spent a significantly lower proportion of time in the arm opposite the 
treated arm (Arm 2) compared to the other two arms. 
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Figure 6.3. The response (back-transformed mean proportion time-spent) by alate 
Myzus persicae (n = 16) to odour from sweet pepper plants treated with blank 
formulation and (Z)-jasmone, 24, 48 and 72 h previously, in the four-way 
olfactometer. * Denotes significant at the 5% level, * denotes significant difference 
between control arms. 
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Figure 6.4. The response (mean proportion of entries + S. E.) by alate Myzus 
persicae (n = 16) to sweet pepper plants treated with blank formulation and (Z)-
jasmone, 24, 48 and 72 h previously, in the four-way olfactometer. * Denotes 
significant at the 5% level, ** denotes significant at the 1% level, *** denotes 
significant at <0.1% level, * denotes significant difference between control arms. 
1 9 1 
Chapter 6 The Effect of ("Z)-Jasmone on a Sweet Pepper Based System 
Table 6.4. Mean log-proportion time spent by alate Myzus persicae (n = 16) in the 
arm containing volatUes from sweet pepper plants treated with blank formulation 
and (Z)-jasmone, 24, 48 and 72 h previously, and control arms in the four-way 
olfactometer. 
Control Untreated 
Blank Formulation (Z)-Jasmone 
24 h 48 h 72 h 24 h 48 h 72 h 
Treated -1.64 -1.22 -1.96 -1.23 -1.49 -1.59 -1.85 -1.37 
Control -1.54 -1.78 -1.46 -1.97 -1.73 -1.60 -1.80 -1.99 
Table 6,5. Summary of hypothesis testing for different response parameters (log-
proportion time spent and proportion of entries) of alate Myzus persicae (n = 16) to 
sweet pepper plants treated with blank formulation and (Z)-jasmone, 24, 48 and 
72 h previously, in the four-way olfactometer. Red values are significant. 
Source of Variation d.f.* 
Time 
F value P value 
Entries 
F value P value 
Treatment 1 0.10 0.75 0.23 0.634 
Control 
Treatment.Number 2 0.36 0.699 0.79 0.459 
Untreated 
Treatment 
Treatment.Number 
1 
2 
3.56 
0.18 
0.066 
0.840 
7.15 
2.27 
0.01 
0.115 
Treatment 1 2.24 0.142 0.44 0.51 
Treatment.Number 2 0.23 0.796 0.39 0.68 § I 
0 
PL, 
1 CQ 
24 h 
Treatment 1 4.47 0.04 3.38 0.072 
Treatment.Number 2 0.81 0.453 0.45 0.642 
48 h 
Treatment 1 0.56 0.458 4.33 0.043 
Treatment.Number 2 2.38 0.105 1.91 0.159 
72 h 
24 h 
I 
Treatment 1 0.00 0.993 
Treatment.Number 2 3.66 0.034 
48 h 
Treatment 1 0.02 0.892 
Treatment.Number 2 1.67 0.200 
72 h 
1.22 0.275 
3.54 0.037 
0.00 0.956 
0.67 0.518 
Treatment 1 2.19 0.146 12.6 <0.001 
Treatment.Number 2 3.35 0.044 2.44 0.099 
Residual d. f = 45 
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Figure 6.5. (A) The mean proportion time-spent (back transformed means) and (B) 
the mean (± S. E.) proportion of entries^ made by alate Myzuspersicae (n = 16) in 
the three control arms when investigating the response to sweet pepper plants 
treated with (Z)-jasmone 24 h previously, in the four-way olfactometer. Control 
arm 2 was situated opposite the treatment arm. * Denotes significant at the 5% 
level to control 1 and control 3. 
^Mean proportion of entries L. S. D. (5% Level) = 0.0761 
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Figure 6.6. The mean proportion time-spent (back transformed) by alate Myzus 
persicae (n = 16) in the three control arms when investigating the response to sweet 
pepper plants treated (Z)-jasmone 72 h previously, in the four-way olfactometer. 
Control arm 2 was situated opposite the treatment arm. * Denotes significant at 
the 5% level to control 1 and control 3. 
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Table 6.6. The mean log-proportion time-spent by alate Myzus persicae (n = 16) in 
the three control arms when testing the response to sweet pepper plants treated 
with (Z)-jasmone 24 and 72 h previously, in the four-way olfactometer. 
Control Arm 
Time after treatment (h) . L. S. D, (5% Level) 
1 2 3 
24 -1.98 -1.14 -1.67 0.63 
72 -1.49 -2.74 -1.74 1.02 
6.3.2. The effect of (Z)-jasmone on the growth rate of Aulacorthum solani and 
Myzus persicae on sweet pepper plants 
The growth rate of M. persicae was not significantly affected by the application of 
blank formulation and (Z)-jasmone to sweet pepper plants (Table 6.7) but the growth 
rate of A. solani was affected. 
Table 6.7. Summary of hypothesis testing for different growth rate parameters of 
Myzus persicae on sweet pepper plants treated with blank formulation and 
(Z)-jasmone. 
Treatment Means 
F P 
Untreated 
Blank 
Formulation 
(Z)-
Jasmone 
d . t ^ 
value value ® 
In Birth wt -3.89 -3J9 -3J8 2,120 1.55 0.217 
In 7-Day wt -1.37 -L35 -1.41 2,119 0.28 0J51 
MRGR^ 036 0J5 034 2,119 1.11 0334 
In Adult wt -0.75 -0.71 -&72 2,115 &45 0.636 
Days to Adult 10.1 103 10.2 2,115 L25 0.290 
D ° l a s 10.9 11.0 2, 115 133 0.268 
In FD^ 3^2 188 3.91 %89 &93 0398 
rm ^ 0.26 0.26 0.26 %89 &27 a761 
Degrees of freedom (d. f ) of experiment followed by d. f of residual, ^ All P values 
are not significant, ^ Mean relative growth rate, ° Time (days) from birth to production 
of first nymph, ^ Total nymphs produced over equivalent time D, ^ Intrinsic rate of 
population increase 
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The development rate of A. solani was significantly affected by the application of blank 
formulation and (Z)-jasmone to sweet pepper plants. Aulacorthum solani nymphs on 
(Z)-jasmone treated plants were significantly bigger than nymphs on plants treated with 
blank formulation, which were significantly smaller than the nymphs on untreated 
plants (Figure 6.7). The MRGR (Figure 6.8) of the nymphs was significantly higher on 
plants treated with blank formulation compared to the untreated plants and plants treated 
with (Z)-jasmone. Nymphs on the untreated plants took a longer time to reach adulthood 
(Figure 6.9) when compared to plants treated with blank formulation. 
0.04 
0.03 
WD 
2 0.02 
OX) 
0.01 
b* 
Untreated Blank Fonnulation 
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(Z)-Jasmone 
Figure 6.7. The effect of (Z)-jasmone and blank formulation on the birth weight of 
Aulacorthum solani on sweet pepper plants (back transformed means shown) 
a = significantly different from untreated sweet pepper, b = significantly different 
from blank formulation treated sweet pepper. * Denotes significant at the 5% 
level. 
^ Transformed means: Untreated = -3.56, Blank formulation = -3.71, 
(Z)-Jasmone = -3.4. L. S. D. (5% Level) = 0.09. ANOVA for treatment effect; 
d. f = 2, 65; F = 22.1; P = <0.001. 
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Figure 6,8. The effect of (Z)-jasmone and blank formulation on the mean (± S. E.) 
relative growth rate (MRGR)^ of Aulacorthum solani on sweet pepper plants, 
a = significantly different from untreated sweet pepper, b = significantly different 
from blank formulation treated sweet pepper. * Denotes significant at the 5% 
level. 
^ANOVA for treatment effect; d. f. = 2, 65, F = 4.02; P = 0.023. L. S. D. 
(5% Level) = 0.023 
16 
14 
12 
10 
< o 
^ 6 
® 4 
2 
0 
Untreated Blank Formulation 
Treatment 
(Z)-Jasmone 
Figure 6.9, The effect of (Z)-jasmone and blank formulation on the mean (± S, E.) 
number of days to adult^ of Aulacorthum solani on sweet pepper plants, 
a = significantly different from untreated sweet pepper. * Denotes significant at the 
5% level. 
^ANOVA for treatment effect; F = 9.63; d. f = 2, 52; P = <0.001. L. S. D. 
(5% Level) = 0.91 
The reproduction rate of M. persicae was also significantly affected by the application 
of blank formulation and (Z)-jasmone to sweet pepper plants. The time from birth to 
196 
Chapter 6 The Effect of (Z)-Jasmone on a Sweet Pepper Based System 
production of first nymph (D) (Figure 6.10) was significantly faster on the (Z)-jasmone 
treated plants compared to plants treated with blank formulation whereas D was 
significantly slower on plants treated with blank formulation compared to the untreated 
plants. Adult weight and all other parameters of A. solani developmental and 
reproductive rate were not significant affected by the treatments (Table 6.8). 
20 
15 
•o 10 
Untreated Blank Formulation (Z)-Jasmone 
Treatment 
Figure 6.10. The effect of (Z)-jasmone and blank formulation on the mean (± S. E.) 
time from birth to production of first nymph (D)^ of Aulacorthum solani on sweet 
pepper plants, a = significantly different from untreated sweet pepper, 
b - significantly different from blank formulation treated sweet pepper. * Denotes 
significant at the 5% level. 
^ ANOVA for treatment effect: d. f = 2, 43; F = 8.06; P = <0.001. L. S. D. 
(5% Level) = 1.47 
Table 6.8. Summary of hypothesis testing for different growth rate parameters of 
Aulacorthum solani on sweet pepper plants treated with blank formulation and 
(Z)-jasmone. 
Treatment Means 
Untreated Blank Formulation (Z)-Jasmone 
d.f. 
value value 
In 7-Day wt 
In adult wt 
In FD^ 
rm ° 
-2.24 
-1.48 
3.10 
0JI3 
- 2 1 2 
-1.24 
2.96 
0U5 
-214 
-1.42 
2.98 
0.13 
2 , 6 5 &58 
2 , 5 2 2 J 1 
2 ,23 0 2 4 
2 , 2 3 :131 
&563 
0U32 
0,792 
0U22 
Degrees of freedom (d. f ) of experiment followed by d. f of residual, All P values 
are not significant, Total nymphs produced over equivalent time D, ^ Intrinsic rate of 
population increase 
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6.3.3. The effect of (Z)-jasmone on the behavioural response of Aphidius ervi to 
sweet pepper plant volatiles 
6.3.3.1. Olfactometer study: female Aphidius ervi and the four-choice olfactometer 
Significantly more female A. ervi were counted in the arms containing sweet pepper 
plants sprayed with (Z)-jasmone 48 h earlier compared to arms containing untreated 
sweet pepper plants (Figure 6.11 and Table 6.9). The number of female A. ervi counted 
in arms containing sweet pepper plants treated with blank formulation was not 
significantly different compared to the arms containing untreated sweet pepper plants or 
sweet peppers plants treated with (Z)-jasmone. The response of A. ervi to each treatment 
were homogenous (Table 6.9). 
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• Treatment 1 
• Treatinent 2 
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Positive control Untreated Blank 
( Z ) - J a s m o n e 
Fonnulation (Z) - Jasn ione 
Solvent Untreated Untreated Untreated Blank 
Fonnulation 
Figure 6.11. The response (mean + S. E.) of naive mated female Aphidius ervi 
(n = 16) to sweet pepper plants treated with blank formulation and (Z)-jasmone 48 
h previously, and a positive control [1: 1 (li?,4aiS',75',7ai?)-nepetalactol (III): 
(4aiS',75',7ai?)-nepetalactone (I)] in a four-choice olfactometer. * Denotes 
significantly different from control at the 5% level, ** denotes significantly 
different from control at the 1% level. 
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Table 6.9. Chi square table on the response of naive mated female Aphidius ervi 
(n - 16) to sweet pepper plants treated with blank formulation and (2)-jasmone, 48 
h previously and a positive control [1: 1 (li?,4aS',75',7aif)-nepetalactol (III): 
(4aS',75',7ai2)-nepetalactone (I)] in a four-choice olfactometer. * Denotes 
significance at 5% level, ** denotes significance at 1% level, n. s. denotes not 
significant. 
Choice Chi Heterogeneity Chi 
Treatment 1 Treatment 2 (d.f. = 1) (d.f. = 15) 
F value P value F value P value 
Positive control Solvent 9.19 * * 23.53 n. s. 
Untreated Untreated 0.23 n. s. 3.97 n. s. 
Blank Formulation Untreated 0.02 n. s. 22.15 n. s. 
(Z)-jasmone Untreated 4.02 * 13.53 n. s. 
(Z)-jasmone Blank formulation 0.02 n. s. 18.77 n. s. 
6.3.3.2. Parasitoid foraging behaviour 
The total time A. ervi spent on untreated sweet pepper plants and sweet pepper plants 
treated with blank formulation or (Z)-jasmone was not significantly different (Figure 
6.12 and Table 6.10). During the time spent on the plant, there was no significant 
difference in the proportion of time A. ervi spent resting (Figure 6.13 and Table 6.11), 
and cleaning (Figure 6.14 and Table 6.12) on untreated sweet pepper plants and sweet 
pepper plants treated with blank formulation or (Z)-jasmone. Aphidius ervi spent a 
significantly higher proportion of time walking on (Z)-jasmone treated plants compared 
to plants treated with blank formulation (Figure 6.15 and Table 6.13). The number of 
leaves A. ervi visited was significantly different between treatments (Table 6.14). 
Aphidius ervi visited more leaves on plants sprayed with (Z)-jasmone compared to the 
plants treated with blank formulation (Figure 6.16). 
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Figure 6.12. The total time (back-transformed means shown)^ Aphidius ervi 
(n = 19) spent on untreated sweet pepper plants and sweet pepper plants treated 
with blank formulation or (Z)-jasmone, 24, 48 and 72 h previously. 
^ Transformed means ± 0.146 S. E.; Untreated = 2.72; Blank formulation 24 h = 2.771, 
48 h = 2.736, 72 h = 2.551. (Z)-Jasmone 24 h = 2.39, 48 h = 2.91, 72 h = 2.47. 
Table 6.10. Summary of hypothesis testing for the In-total time Aphidius ervi 
(n = 19) spent on untreated sweet pepper plants and sweet pepper plants treated 
with blank formulation or (Z)-jasmone, 24, 48 and 72 h previously. 
Source of Variation d. F value P value 
Control ^ vs Treatment ^ 1 028 &599 
Control vs Treatment.Hour 2 2.56 0.082 
Control vs Treatment. Spray ^ 1 0.67 0.414 
Control vs Treatment.Hour. Spray 2 1.85 0J63 
* Residual d. f = 108, Control denotes untreated sweet pepper plants, ^ Treatment 
denotes the effect of treatment (blank formulation and (Z)-jasmone) ° Hour denotes the 
effect of time after treatment, ^ Spray denotes the effect of the type of treatment (blank 
formulation or (Z)-jasmone). 
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Figure 6.13. The mean proportion of total time (± S. E.) Aphidius ervi (n = 19) 
spent resting on untreated sweet pepper plants and sweet pepper plants treated 
with blank formulation or (Z)-jasmone, 24, 48 and 72 h previously. 
Table 6.11. Summary of hypothesis testing for the proportion of total time 
Aphidius ervi (n = 19) spent resting on untreated sweet pepper plants and sweet 
pepper plants treated with blank formulation or (Z)-jasmone, 24, 48 and 72 h 
previously. 
Source of Variation d . t A F value P value 
Control ^ vs Treatment ^ 1 0.03 0.856 
Control vs Treatment.Hour ^ 2 034 0.711 
Control vs Treatment. Spray ^ 1 0.83 0J64 
Control vs Treatment.Hour.Spray 2 1.76 0.176 
denotes the effect of treatment (blank formulation and (Z)-jasmone) ° Hour denotes the 
effect of time after treatment, ^ Spray denotes the effect of the type of treatment (blank 
formulation or (Z)-jasmone). 
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Figure 6.14. The mean proportion of total time (± S. E.) Aphidius ervi (n = 19) 
spent cleaning on untreated sweet pepper plants and sweet pepper plants treated 
with blank formulation or (Z)-jasmone, 24, 48 and 72 h previously. 
Table 6.12. Summary of hypothesis testing for the proportion of total time 
Aphidius ervi (n = 19) spent cleaning on untreated sweet pepper plants and sweet 
pepper plants treated with blank formulation or (Z)-jasmone, 24, 48 and 72 h 
previously. 
Source of Variation d.f .^ F value P value 
Control ^ vs Treatment 1 0.41 0.524 
Control vs Treatment.Hour ° 2 1.24 &294 
Control vs Treatment. Spray ^ 1 3T8 0.077 
Control vs Treatment.Hour. Spray 2 0.11 &896 
108, Control denotes untreated sweet pepper plants, Treatment 
D 
Residual d. f. 
denotes the effect of treatment (blank formulation and (Z)-jasmone) ^ Hour denotes the 
effect of time after treatment, ^ Spray denotes the effect of the type of treatment (blank 
formulation or (Z)-jasmone). 
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Figure 6.15. The mean proportion of total time (± S. E.) Aphidius ervi (n = 19) 
spent walking on untreated sweet pepper plants and sweet pepper plants treated 
with blank formulation or (Z)-jasmone^. b = significantly different from blank 
formulation. * Denotes significant at the 5% level. 
^L. S. D. between control and treated = 0.117, between treatments = 0.083 
Table 6.13. Summary of hypothesis testing for the proportion of total time 
Aphidius ervi (n = 19) spent walking on untreated sweet pepper plants and sweet 
pepper plants treated with blank formulation or (Z)-jasmone, 24, 48 and 72 h 
previously. Red values are significant. 
Source of Variation d.f .^ F value P value 
Control ^ vs Treatment ^ 1 021 0.650 
Control vs Treatment.Hour ° 2 2.00 0.140 
Control vs Treatment. Spray ^ 1 5.10 &026 
Control vs Treatment.Hour.Spray 2 1.17 0313 
Residual d. f = 108, Control denotes untreated sweet pepper plants, Treatment 
denotes the effect of treatment (blank formulation and (Z)-jasmone) ° Hour denotes the 
effect of time after treatment, ^ Spray denotes the effect of the type of treatment (blank 
formulation or (Z)-jasmone). 
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Figure 6.16. The mean number of leaves (± S. E.) visited by Aphidius ervi (n = 19) 
on untreated sweet pepper plants and sweet pepper plants treated with blank 
formulation or (Z)-jasmone^. b = significantly different from blank formulation. 
* Denotes significant at the 5% level. 
^L. S. D. (5% Level) between control and treated = 0.123, between treatments = 0.087 
Table 6.14. Summary of hypothesis testing for the number of leaves visited by 
Aphidius ervi (n = 19) on untreated sweet pepper plants and sweet pepper plants 
treated with blank formulation or (Z)-jasmone, 24, 48 and 72 h previously. Red 
values are significant. 
Source of Variation d - t ^ F value P value 
Control vs Treatment ^ 1 0.21 &644 
Control vs Treatment.Hour ^ 2 1.05 0355 
Control vs Treatment. Spray ^ 1 10.5 0.002 
Control vs Treatment. Hour. Spray 2 1.14 0324 
Residual d. f = 96, Control denotes untreated sweet pepper plants. Treatment 
denotes the effect of treatment (blank formulation and (Z)-jasmone) ^ Hour denotes the 
effect of time after treatment, ^ Spray denotes the effect of the type of treatment (blank 
formulation or (Z)-jasmone). 
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6.3.3.3. Parasitoid no-choice tests 
No significant differences were seen between untreated sweet pepper plants and sweet 
pepper plants treated with blank formulation or (Z)-jasmone, 48 h previously, with 
regards to the proportion of aphids remaining on the plant after attack (Figure 6.17) and 
the proportion of aphids remaining on the plant after attack which reached adulthood 
(Figure 6.18). No significant differences were also recorded regarding the number of 
nymphs per aphid (Figure 6.19) and the proportion of aphids remaining on the plant 
after attack that were mummified (Figure 6.20). 
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Figure 6.17. The proportion of aphids remaining after attack (back-transformed 
means shown ^ ) by Aphidius ervi (n = 18) on untreated sweet pepper plants and 
sweet pepper plants treated with blank formulation or (Z)-jasmone, 48 h 
previously. 
^ Transformed means ± 0.21 S. E.; Untreated = 3.19, Blank formulation = 3.36, 
(Z)-jasmone = 2.89. ANOVA for treatment effect: d. f = 2, 51; F = 1.40; P = 0.257. 
L. S. D. (5% Level) = 0.576 
205 
Chapter 6 The Effect of (Z)-Jasmone on a Sweet Pepper Based System 
1.0 1 
^ O.E 
I 
% 
I 
&6-
0.4 
& 2 -
0.0 
Untreated Blank Forrauktion 
Treatment 
(Z)-Jasmone 
Figure 6.18. The proportion of aphids remaining after Aphidius ervi (n = 18) attack 
reaching adulthood (back-transformed means shown on untreated sweet pepper 
plants and sweet pepper plants treated with blank formulation or (Z)-jasmone, 
48 h previously. 
^Transformed means ± 0.21 S. E.; Untreated = 1.70, Blank formulation = 2.14, 
(Z)-jasmone = 1.86. ANOVA for treatment effect: d. f = 2, 51; F = 1.16; P = 0.323. 
L. S. D. (5% Level) = 0.582 
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Figure 6.19. The mean number of nymphs per adult aphid per plant^ (± S. E.) on 
untreated sweet pepper plants and sweet pepper plants treated with blank 
formulation or (Z)-jasmone, 48 h previously (n = 18). 
^ANOVA for treatment effect: d. f. = 2, 51; F = 0.07; P = 0.929. L. S. D. 
(5% Level) = 5.76 
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Figure 6.20. The proportion aphids remaining after Aphidius ervi (n = 18) attack 
which were mummified (back-transformed means shown on untreated sweet 
pepper plants and sweet pepper plants treated with blank formulation or 
(Z)-jasmone, 48 h previously. 
^ Transformed means ± 0.47 S. E.; Untreated = -0.64, Blank formulation = -0.33, 
(Z)-jasmone = -0.10. ANOVA for treatment effect: d. f = 2, 51; F = 0.34; P = 0.71. 
L. S. D. (5% Level) = 1.32 
6.3.4. The effect of (Z)-jasmone on the volatile profile of sweet pepper plants 
Gas chromatography analysis of the air entrainment samples collected from untreated 
sweet pepper plants and plants treated with blank formulation or (Z)-jasmone revealed 
the presence of 150 different compounds (Figure 6.21. for example). 
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Figure 6,21. Example of a typical gas chromatogram of air entrainment extracts collected from (A) untreated sweet pepper plants, 
i 
(B) sweet pepper plants treated with blank formulation and (C) sweet pepper plants treated with (Z)-jasmone, 48 h previously. 
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The mean total amount of volatiles (Figure 6.22) collected from untreated sweet pepper 
plants and sweet pepper plants treated with a blank formulation was less than the mean 
total amount collected from (Z)-jasmone treated sweet pepper plants in all time periods 
(24, 48 and 72 h after spraying). No significant differences occurred between the 
different treatments. 
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Figure 6.22. Mean (± S. E.) total amount of compounds collected by air 
entrainment from untreated sweet pepper plants and sweet pepper plants treated 
with blank formulation or (Z)-jasmone, (A) 24^, (B) 48® (C) 72^ h previously 
(n = 5). 
ANOVA for treatment effect at 24 h: d. f = 2, 8; F = 1.24; P = 0.339. 
® ANOVA for treatment effect at 48 h: d. f = 2, 8; F = 0.61; P = 0.567. 
ANOVA for treatment effect at 72 h: d. f = 2, 8; F = 1.23; P = 0.343. 
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Canonical variate analysis performed on all volatiles collected from the three groups 
(untreated sweet pepper, sweet pepper treated with blank formulation and sweet pepper 
treated with (Z)-jasmone) revealed that there were no significant differences between 
the groups in the three time periods (Figure 6.23). Principle component analysis was 
therefore done to examine the variability of the data as a whole. 
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Figure 6.23. Ordination plot of the canonical-variate scores based on the absolute 
amounts of all chemicals collected from untreated sweet pepper plants and sweet 
pepper plants treated with blank formulation or (Z)-jasmone, (A) 24, (B) 48 and 
(C) 72 h previously by air entrainment. Green triangles = Group 1 (untreated 
sweet pepper plants), Blue squares = Group 2 (sweet pepper treated with blank 
formulation). Red circles = Group 3 (sweet pepper treated with (Z)-jasmone). 
Filled symbols denote means and 95% confidence intervals shown. 
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The first two principal components (PCs) on the data collected after 24 h accounted for 
89.1%, of the variance in the data. PC 1 explained 63.9% of the variability where PC 2 
explained 25.2%. On data collected after 48 h, the first two PC's accounted for 83.3% 
of the variance in the data. PC 1 explained 68.4% of the variability where PC 2 
explained 14.9%. The first two PCs on the data collected after 72 h accounted for 
83.3%, of the variance in the data. PC 1 explained 74.4% of the variability where PC 2 
explained 8.9%. No separate clustering of treatments was observed (Figure 6.24). 
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Figure 6.24. Two-dimensional plots for scores obtained following principle 
component analysis, representing the association among the treatments for 
absolute amounts of chemicals from air entrainment extracts obtained after (A) 24, 
(B) 48 and (C) 72 h. 1 = untreated sweet pepper plants, 2 = sweet pepper plants 
treated with blank formulation, 3 = sweet pepper plants treated with (Z)-jasmone. 
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Thirteen chemicals present in the air entrainment samples were tentatively identified by 
GC-MS. The RIs and mass spectra of the chemicals tentatively identified by GC-MS in 
the samples are shown in Table 6.15 and Figure 6.25. (£',£)-a-Famesene (RI = 1500), 
caryophyllene (1438) and (Z)-jasmone (RI = 1373) were not detected in the samples 
collected. 
Table 6.15. Retention indices (RIs) and approximate retention times of chemicals 
tentatively identified by GC-MS in air entrainment samples collected from 
untreated sweet pepper plants, sweet pepper plants treated with blank formulation 
and sweet pepper plants treated with (Z)-jasmone. 
Chemical RI -Retention Time (min) 
6-Methyl-5-hepten-2-one 966 12.01 
Sabinene 968 12.1 
/?-Myrcene 984 12.66 
(Z)-3-Hexenyl acetate 988 12.81 
(£)-2-Hexenyl acetate 995 13.07 
(£)-y9-Ocimene 1041 16.68 
(£)-4,8-Dimethyl-1,3,7-nonatriene 1106 17.48 
3 -Ethylbenzaldehyde 1133 18.63 
(Z)-3-Hexenyl butyrate 1169 21.20 
Indole 1260 25.13 
Geranylacetone 1431 26.09 
(£)-a-Bergamotene 1436 26.20 
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Figure 6.25. Mass spectra of (A) sweet pepper derived chemical of interest in an air 
entrainment extract, (B) identified chemical (6-Methyl-5-hepten-2-one) from 
library reference, m/z = mass to charge ratio. 
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Figure 6.25. cont. Mass spectra of (A) sweet pepper derived chemical of interest in 
an air entrainment extract, (B) identified chemical from library reference, 
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determined. 
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determined. 
215 
Chapter 6 The Effect of (Z)-Jasmone on a Sweet Pepper Based System 
Principle component analysis of the absolute amounts of tentatively identified chemicals 
collected after 24 h suggested that the first two principal axes represented 94.6% of the 
variation, with 90% in the first axes and 4.6% in the second axes. No clustering of 
treatments was observed (Figure 6.26). The loadings (Table 6.16) suggested that 
(jE)-yS-ocimene, (£)-4,8-dimethyl-l,3,7-nonatriene and (Z)-3-hexenyl acetate had the 
greatest weightings in the first axis. (£)- yg-Ocimene, (£)-4,8-dimethyl-l,3,7-nonatriene 
and (Z)-3-hexenyl acetate also had the highest weighting on the second axis along with 
y5-myrcene, 3-ethylbenzaldehyde, (Z)-3-hexenyl butyrate and (£',£)-4,8,12-trimethyl-
1,3,7,11 -tridecatetraene. 
Principle component of the absolute amounts of tentatively identified chemicals 
collected after 48 h suggested that the first two principal axes represented 99.3% of the 
variation, with 98% in the first axes and 1.3% in the second axes. Again, no clustering 
of treatments was observed (Figure 6.26), but the majority of samples from (Z)-jasmone 
treated plants were grouped above and untreated plants were grouped below the zero 
line for PC score 2. The loadings (Table 6.16) suggested that (£)-yff-ocimene had the 
greatest weighting in the first axis and in the second axis, (Z)-3-hexenyl acetate, 
(£)-2-hexenyl acetate and 3-ethylbenzaldehyde had the largest weightings. 
Principle component analysis of the absolute amounts of tentatively identified chemicals 
collected after 72 h suggested that the first two principal axes represented 98% of the 
variation, with 95.7% in the first axes and 2.3% in the second axes. Again, no clustering 
of treatments was observed (Figure 6.26), but the majority of samples from (Z)-jasmone 
treated plants were grouped above the zero line for PC score 2. The loadings 
(Table 6.16) suggested that (£)-y5-ocimene had the greatest weighting in the first axis 
and in the second axis, ;5-myrcene, (Z)-3-hexenyl acetate, 3-ethylbenzaldehyde, 
(£)-4,8-dimethyl-l,3,7-nonatriene, (£)-c(-bergamotene and (^,£)-4,8,12-trimethyl-
1,3,7,11 -tridecatefraene had the largest weightings. 
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Figure 6.26. Two-dimensional plots for scores obtained following principle 
component analysis representing the association among the treatments for 
absolute amounts of tentatively identified chemicals from air entrainment extracts 
obtained after (A) 24, (B) 48 and (C) 72 h. 1 = untreated sweet pepper plant, 
2 = sweet pepper plant treated with blank formulation, 3 = sweet pepper plant 
treated with (Z)-jasmone. 
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Table 6.16. Loadings from Principle Component Analysis of all tentatively identified chemicals collected from untreated sweet pepper 
plants and sweet pepper plants treated with blank formulation or (Z)-jasmone at three time periods (24, 48 and 72 h). Weighting 
categories: I l ^ v e r v high weighting' categorv. I I 'high weighting' category.! I ' l o w weighting' category. 
K) 
00 
RI Tentatively identified chemical 
24 h 48 h 72 h 
PC 1 PC 2 PC 1 PC 2 PC 1 PC 2 
(90%) (4.6%) (98%) (1.3%) (95.7%) (2.3%) 
966 6-Methyl-5-hepten-2-one 
968 Sabinene 
984 y5-Myrcene 
988 (Z)-3-Hexenyl acetate 
995 (£)-2-Hexenyl acetate 
1041 (£)-y5-0cimene 
1106 (£)-4,8-Diraethyl-l,3,7-nonatriene 
1133 3 -Ethylbenzaldehyde 
1169 (Z)-3-Hexenyl butyrate 
1253 Indole 
1431 Geranylacetone 
1436 (E)-a-Bergamotene 
1569 (£',£)-4,8,12-Trimethyl-l,3,7,l 1-tridecatetraene 
-0.035 
-0.003 
-0.029 
0.049 
-0.017 
-0.004 
-0.003 
0.001 
-0.008 
0.003 
0.024 
0.003 
0.125 -0.105 
-0.238 -0.867 0.902 -0.903 
-0.036 -0.098 0.012 
-0.944 
-0.206 
0.255 -0.016 
-0.033 -0.219 0.064 0.036 
0.026 -0.152 0.117 
0.017 -0.008 0.006 
-0.009 
0.004 
0.072 
-0.003 
0.014 
-0.031 -0.084 
-0.036 
0.009 0.013 -0.023 0.064 0.148 
0.069 0.154 -0.029 
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The loadings (Table 6.16) from the PCA of all tentatively identified chemicals collected 
after 48 h and 72 h suggested that (E)-^-ocimene had a very high weighting. Figure 6.27 
shows that the amount of (£)-y5-ocimene increases in the samples collected from sweet 
pepper plants treated with (Z)-jasmone 48 h previously compared to plants treated with 
blank formulation. The amount of (£)-y5-ocimene collected from sweet pepper plants 
treated with (Z)-jasmone 72 h previously was reduced and was similar to amount 
collected from plants treated with blank formulation and untreated plants. 
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Figure 6.27. Mean (± S. E.) amount of (£)-y9-ocimene collected by air entrainment 
from untreated sweet pepper plants and sweet pepper plants treated with blank 
formulation or (Z)-jasmone, 24, 48 and 72 h previously. 
The loadings from the PCA also suggested that yS-myrcene (RI = 984) (Z)-3-hexenyl 
acetate (RI = 988), (£)-2-hexenyl acetate (RI = 995), (£)-4,8-dimethyl-l,3,7-nonatriene 
(RI = 1106), 3-ethylbenzaldehyde (RI = 1133), (£)-a-bergamotene (RI = 1436) and 
(^,E)-4,8,12-trimethyl-1,3,7,11 -tridecatetraene (RI = 1569) had large weightings. When 
looking at the absolute amounts of these chemicals (Figure 6.28) all of these chemicals 
increased when (Z)-jasmone was applied to the sweet pepper plants 48 h previously. 
3-Ethylbenzaldehyde (RI = 1133) also increases with the application of the blank 
formulation, 48 h previously. 
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Figure 6.28. Mean (± S. E.) amount of tentatively identified compounds collected 
by air entrainment from untreated sweet pepper plants and sweet pepper plants 
treated with blank formulation or (Z)-jasmone, (A) 24, (B) 48 and (C) 72 h 
previously (n = 5). 966 = 6-methyl-5-hepten-2-one, 968 = sabinene, 
984 = /?-myrcene, 988 = (Z)-3-hexenyl acetate, 995 = (£)-2-hexenyl acetate, 
1041 = (£)-)ff-ocimene, 1106 = (£)-4,8-dimethyl-l,3,7-nonatriene, 
1133 = 3-ethylbenzaldehyde, 1169 = (Z)-3-hexenyI butyrate, 1253 = indole, 
1431 = geranylacetone, 1436 = (£)-«-bergamotene, 1569 = (£',£)-4,8,12-trimethyl-
1,3,7,11-tridecatetraene. 
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Canonical variate analysis performed on tentatively identified volatiles collected from 
untreated sweet pepper plants, sweet pepper plants treated with blank formulation and 
sweet pepper plants treated with (2)-jasmone 48 and 72 h previously, revealed a clear 
separation (Figure 6.29). Tentatively identified volatiles collected from (Z)-jasmone 
treated sweet pepper plants were significantly different to volatiles collected from the 
other two groups. No significant differences occurred between the groups at the 24 h 
period. 
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Canonical variate 2 
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- 2 
-3 
(B) 
- 2 
- 2 
- 1 0 1 2 
Canonical variate 2 
- 3 - 2 - 1 0 1 2 3 4 
Canonical variate 2 
Figure 6.29. Ordination plot of the canonical-variate scores based on the absolute 
amounts of tentatively identified chemicals collected from untreated sweet pepper 
plants and sweet pepper plants treated with blank formulation or (Z)-jasmone, (A) 
24, (B) 48 and (C) 72 h previously by air entrainment. Green triangles = Group 1 
(untreated sweet pepper plants), Blue squares = Group 2 (sweet pepper treated 
with blank formulation), Red circles = Group 3 (sweet pepper treated with 
(Z)-jasmone). Filled symbols denote means and 95% confidence intervals shown. 
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The loadings (Table 6.17) from the CVA of the absolute amounts of tentatively 
identified chemicals collected after 48 h suggested that (£)-2-hexenyl acetate had the 
highest weighting. The loading was above 1, therefore suggesting that this chemical was 
responsible for more between group variation than with-in group variation. This was 
reflected in Figure 6.28.B. The levels of (£)-2-hexenyl acetate (RI = 995) were 
increased in the air entraiimients collected from sweet pepper plants freated with 
(Z)-jasmone, 48 h previously, compared to untreated plants and plants freated with a 
blank formulation. 
The loadings (Table 6.17) from the CVA of the absolute amounts of tentatively 
identified chemicals collected after 72 h suggested (Z)-3-hexenyl butyrate and 
(E,E)-4,8,12-trimethyl-1,3,7,11 -tridecatetraene had the highest weightings. It suggested 
that both (Z)-3-hexenyl butyrate and (£,£)-4,8,12-trimethyl-l,3,7,11-tridecatetraene 
were responsible for the between group variation than with-in group variation. Figure 
6.28.C. shows that (Z)-3-hexenyl butyrate (RI = 1169) levels were reduced in plants 
freated with blank formulation and (Z)-jasmone compared to the unfreated plants where 
as (^,£)-4,8,12-trimethyl-l,3,7,ll-tridecatefraene (RI = 1569) was increased in plants 
freated with (2)-jasmone. 
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Table 6.17. Loadings from canonical variate analysis of all tentatively identified chemicals collected from untreated sweet pepper plants 
and sweet pepper plants treated with blank formulation or (Z)-jasmone at three time periods (24, 48 and 72 h). Weighting categories: 
I I 'very high weighting' category, O 'high weighting' category, I I ' l o w weighting' category. 
24 h 48 h 72 h 
NJ K) 
w 
RI Tentatively identified chemical C V l CV2 C V l CV2 C V l CV2 
(52.6%) (47.4%) (92.5%) (7.5%) (95.1%) (4.9%) 
966 6-Methyl-5-hepten-2-one 0.026 -0.099 0.207 0.235 -0.061 -0.077 
968 Sabinene 0.127 -0.295 0.738 0.221 -0.827 -0.079 
984 /?-Myrcene -0.006 0.071 0.523 0.108 0.938 0.012 
988 (Z)-3-Hexenyl acetate 0.015 0.013 -0.226 0.002 -0.048 0.017 
995 (£)-2-Hexenyl acetate -0.119 0.113 1.605 -0.082 -1.266 -0.164 
1041 (£)-y5-0cimene 0.018 0.001 -0.019 -0.004 -0.096 -0.004 
1106 (£)-4,8-Dimethyl-l,3,7-nonatriene -0.015 0.001 0.32 0.062 -0.616 0.018 
1133 3 -Ethylbenzaldehyde -0.049 -0.022 0.017 0.022 0.227 -0.075 
1169 (Z)-3-Hexenyl butyrate 0.003 0.034 0.061 -0.017 1.19 -0.096 
1253 Indole -0.021 -0.103 -0.158 -0.035 -0.214 0.023 
1431 Geranylacetone -0.043 -0.311 -1.127 0.04 -1.493 0.135 
1436 (£)-a-Bergamotene -0.282 0.070 -0.276 0.001 0.499 0.109 
1569 (£',£)-4,8,12-Trimethyl-1,3,7,11 -tridecatetraene -0.075 -0.0179 -0.053 -0.109 1.047 -0.027 
CO 
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6.4. DISCUSSION 
6.4.1. The effect of (Z)-jasmone on the behavioural response of alate Aulacorthum 
solani and Myzus persicae to sweet pepper plant volatiles 
The behaviour response by alate A. solani was not recorded as insufficient alates were 
cultured, but the behaviour response of alate M. persicae to sweet pepper volatiles was 
investigated. In this present study, alate M persicae made a significantly higher 
proportion of entries into the arm containing the odour from untreated sweet pepper 
plants (host) compared to the control arms (clean air) in the four-way olfactometer, but 
the time spent in the treated and control arms were not significantly different. This 
suggests that alate M persicae utilises plant odours in the location of host plants but 
additional stimuli may also be required to elicit a strong behavioural response. Myzus 
persicae is a polyphagous aphid. Pickett et al. (1992) and references therein, provided 
evidence to suggest that oligophagous and monophagous aphids use plant odours as 
additional cues to visual stimulation to locate host plants. In contrast, polyphagous 
aphids locate host plants primarily by visual cues and host plant odours play a small 
role. 
The behavioural response of alate M persicae to volatiles from sweet pepper plants was 
affected by the application of blank formulation and (Z)-jasmone. The response was 
also affected by the time after treatment. In the four-way olfactometer, a significant 
behavioural response was not exhibited by alate M persicae to the odour from sweet 
pepper plants treated with blank formulation or (Z)-jasmone 24 h previously compared 
to the control arms (clean air). The treatment of (Z)-jasmone contained the same 
ingredients as the blank formulation plus (Z)-jasmone, therefore this result suggests that 
the application of the ingredients of the blank formulation is responsible for a change in 
the volatile profile of the plants, 24 h after freatment. Alate M persicae would perceive 
a different volatile profile to the profile of an untreated sweet pepper plant and therefore 
the volatiles would not be recognised as originating from a host plant. The blank 
formulation contained deionised water and a wetting agent, Ethylan BV. Wetting agents 
(type of surfactant) are used in the formulation of sprays in order to lower the interfacial 
tension between the liquid (the spray) and a solid (the plants surface) (Hazen, 2000). 
This allows the spray to spread over the maximum surface area of the leaf, encouraging 
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uptake of the active ingredient (in this case (Z)-jasmone). Wood et al. (1997) sprayed a 
different non-ionic wetter, Silwet L-77, onto pecan foliage and, dependent on 
concentration, a 10 to 65% suppression in stomatal conductance and net photosynthesis 
of the leaves was recorded 24 h after spraying. It was discussed that this may be due to 
either an increase in ethylene production (Lownds and Bukovac, 1989) or to the 
surfactant entering the stomatal cavity (Field and Bishop, 1988). Volatile chemicals 
from plants are mainly released when the stomata are open (Bemays and Chapman, 
1994; Pare and Tumlinson, 1996; Muller and Riederer, 2005), therefore if Ethylan BV 
causes similar suppression in stomatal conductance and net photosynthesis then this will 
probably be responsible for the change in the volatile profile of the sweet pepper plant. 
Alternatively, Ethylan BV may have an effect on the secondary metabolism of the sweet 
pepper plant. Ethylene has been shown to initiate inducible defences responses in plants 
against insects (Argandona et al., 2001; Arimura et al., 2002; de Vos et al., 2005; 
Harfouche et al., 2006) and has been implicated as playing a synergistic role with green 
leaf volatiles e.g. (Z)-3-hexen-l-ol in plant-plant signalling (Ruther and Kleier, 2005). 
No significant differences were observed between chemicals collected from untreated 
sweet pepper plants, sweet pepper plants treated with blank formulation and sweet 
pepper plants treated with (Z)-jasmone after 24h, but this may be due to analysis of 
physiological irrelevant volatiles (section 6.4.4). 
A difference in the time spent and the proportion of entries made by alate M persicae 
into the three confrol arms was recorded when volatiles from sweet pepper plants 
treated with (Z)-jasmone 24 h previously were present in the four-way olfactometer. 
Alate M. persicae spent more time and a higher proportion of entries in the arm opposite 
the treated arm (control 2). This suggests there is a rebound effect. The aphids may walk 
into the treated arm, spend some time there and then walk straight out across the arena 
into the control arm opposite. This is probably more likely to happen when the 
perceived odour has a 'repellent' effect. When aphids are repelled by an odour source, 
orientated movements are made away from the source. If odour from sweet pepper 
plants treated with (Z)-jasmone causes a repellent effect, then a different experimental 
design i.e. one which does not involve an airflow, needs to be used in order for a 
conclusion to be reached. No significant differences between the control arms occurred 
when sweet pepper plants treated with blank formulation 24 h previously were present. 
(Z)-Jasmone may be having a slight additional effect to the treatment of the blank 
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formulation on the volatile profile of the sweet pepper plant but this effect was not 
observed in the analysis of the volatiles collected by air entrainment (section 6.4.4) 
Alate M persicae spent significantly more time in the arm containing volatiles fi-om 
sweet pepper plants treated with blank formulation 48 h previously, but no significant 
differences were seen between the arm containing volatiles fi-om plants treated with 
(Z)-jasmone 48 h previously and the control arms. This difference in behavioural 
response of alate M. persicae to the sweet pepper plants is due to the application of 
(Z)-jasmone. (Z)-Jasmone is either suppressing or inducing volatiles, thus changing the 
volatile profile of the plant. This is reflected in the results from the analysis of volatiles 
collected from the sweet pepper plants. No significant differences were recorded 
between the volatiles collected from untreated plants and plants treated with blank 
formulation 48 h previously, but the volatile profile of plants treated with (Z)-jasmone 
were significantly different (section 6.4.4) 
The behaviour response of alate M. persicae to sweet pepper plants freated with blank 
formulation or (Z)-jasmone 72 h previously was similar to the behavioural response to 
untreated sweet pepper plants. Alate M. persicae made a significantly higher proportion 
of entries into the arm containing the odour compared to the control arms (clean air), but 
the time spent in this arm was not significantly different. This behavioural response 
suggests that the effect of the blank formulation or (Z)-jasmone on the volatile profile of 
the sweet pepper plants has diminished. No significant differences were recorded 
between the volatiles collected from untreated plants and plants treated with blank 
formulation 72 h previously, but the volatile profile of plants treated with (Z)-jasmone 
was significantly different (section 6.4.4). 
6.4.2. The effect of (Z)-jasmone on the growth rate of Aulacorthum solani and 
Myzus persicae on sweet pepper plants 
The development rate and reproductive rate of an aphid can be affected by two extrinsic 
factors, food quality (van Emden, 1966) and temperature (Wellings, 1981; Leather et 
al, 1989), and two intrinsic factors, birth weight (Traicevski and Ward, 1994) and 
morph determination (alate or apterous) (Simon et al., 1991). The intrinsic factors, birth 
rate and morph determination, can also be affected by food quality and temperature 
either directly or indirectly through adult size (Dixon, 1987a). In addition to these 
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factors, the number of ovarioles an aphid has also affects the reproductive rate (Dixon, 
1987a). The ovarioles or egg tubes contain the developing embryos. Generally, bigger 
aphids produce higher numbers of larger offspring due to an increase in the length of the 
largest embryo, higher ovariole numbers and more embryos per ovariole at maturity 
(Wellings et al, 1980; Kindlman et al, 1992). The weight of the aphid is a good 
indication of the size of the aphid and therefore fecundity (Dixon, 1976). Again, 
individual size tends to be a consequence of the effects of birth weight, nutrition and 
temperature (Dixon et al., 1982). Aphids feeding on a high-quality food source are 
generally larger and develop faster than when feeding on a poor-quality food source. 
Thus, good nutrition results in larger aphids with greater reproductive potential (Mittler, 
1958; van Emden, 1966). 
All the growth rate experiments in this thesis were done in a controlled environment 
room with a constant temperature, therefore temperature was eliminated as a factor 
affecting the growth rate of the aphids. All adult aphids used in the trial were apterous, 
so the factor of morph determination was also eliminated. Birth weights of the nymphs 
were recorded to determine if this or the food quality was having an effect on the 
growth rate. The only factor not accounted for was the number of ovarioles an aphid 
possessed. All aphids used in the experiments were taken from the same clonal colony 
so the genetic variation would be restricted and the aphids were all subjected to the 
same host plant quality before the experiments started. Therefore, the variation in 
number and size of the ovarioles is expected to be limited. 
The development rate, adult weight and the reproductive rate of M persicae was not 
affected by the application of blank formulation or (Z)-jasmone on sweet pepper plants. 
The development and reproductive rate of A. solani was affected by both the application 
of blank formulation and (Z)-jasmone to sweet pepper plants. 
The application of (Z)-jasmone to sweet pepper plants caused a decrease in the MRGR 
of the A. solani nymphs compared to nymphs on sweet pepper plants treated with blank 
formulation. The MRGR (the growth per unit weight per unit time) is an indirect 
measure of the food quality the aphid is receiving (Dixon, 1987a). Studies investigating 
the effect of (Z)-jasmone on hexaploid wheat plants have shown that on treatment with 
(Z)-jasmone a significant up regulation occurs in the production of defensive secondary 
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metaboHtes, cychc hydroxamic acids [2,4-dihydroxy-7-methoxy-l,4-benzoxazin-3-one 
(DIMBOA)] (Gordon-Weeks, R., pers. comm.). These acids are thought to have a 
detrimental effect on the growth rate of the aphids (Argandona et al, 1980; Fuentes-
Contreras and Niemeyer, 1998). (Z)-Jasmone may be having a similar effect on the 
production of secondary metabolites within the sweet pepper plant which may cause the 
decrease in MRGR. It has already been discussed that (Z)-jasmone has an effect on the 
volatile profile of sweet pepper plants, which may also play a role in the decrease of 
MRGR i.e. the aphid not perceiving the plant as a host. Previous research has shown 
that the reproductive rate of A. solani as well as Acrythosiphon pisum (the pea aphid) 
and M persicae was affected by volatiles from Tagetes minuta L. (Mexican marigold) 
(Tomova et al., 2005). The volatiles were not applied to the leaf where the aphids were 
situated, but they may have induced an effect within the leaf. As a consequence of the 
MRGR, A. solani nymphs bom on plants treated with (Z)-jasmone were slower to 
produce their first nymph compared to aphids on sweet pepper plants treated with the 
blank formulation. 
The application of the blank formulation on sweet pepper plants had an initial 
detrimental effect on the development rate of A. solani: the initial adult produced 
nymphs with a low birth weight. As previously discussed, both food quality and adult 
size can affect on birth weight (Dixon, 1987a). Adults were collected from the same 
colony and were allocated to each treatment/plant randomly, therefore adult size should 
not be a factor affecting birth weight. In this experiment, birth weight must be affected 
by food quality. The more advanced embryos within an adult aphid obtain nutrition 
from the haemolymph of the mother via the ovariole sheath, therefore if the mother 
receives poor nutrition so does the embryo and therefore a smaller nymph is produced 
(Couchman and King, 1980). The application of the blank formulation to sweet pepper 
plants could either have caused a 'physical barrier', which would reduce the uptake of 
food by the adults, or caused a change in the secondary metabolism of the plant. If a 
physical barrier occurs, then the birth weight of the nymphs bom on sweet pepper plants 
freated with (Z)-jasmone should also be low. This was not the case. Nymphs produced 
on the (Z)-jasmone treated plants were larger than the nymphs on the blank formulation 
treated plants. Therefore, a decrease in food quality was probably due to a change in the 
secondary metabolism of the sweet pepper plants either within the plant or in the 
volatile profile. In the four-way olfactometer, alate M persicae did not significantly 
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distinguish between the arm containing odour from plants freated with blank 
formulation 24 h previously and the control arms (clean air), but could after 48 h. This 
may suggest that the volatile profile of the plant may have an effect on the feeding of 
the initial adult aphid but olfaction and feeding studies need to be conducted with 
apterous A. solani before a conclusion can be made. As already discussed studies 
investigating the effect of (Z)-jasmone on wheat plants showed an up regulation in the 
production of defensive secondary metabolites on freatment with (Z)-jasmone. A 
significant but variable increase in expression of the biosynthetic genes encoding the 
enzymes responsible for the production of defensive secondary metabolites was also 
recorded on the application of the blank formulation (Gordon-Weeks, R., pers. comm.). 
Therefore, a change in secondary metabolites may cause the reduction in birth weight. 
The cause of the reduction in birth weight was only short-term as the MRGR of nymphs 
on sweet pepper plants treated with blank formulation was higher than the MRGR on 
the untreated sweet pepper plants suggesting that the food quality was the same if not 
better than the food quality of the untreated sweet pepper plants. This is contrary to the 
general opinion that the smaller the nymph at birth, the slower the MRGR and the 
smaller the adult (Dixon et al, 1982). 
6.4.3. The effect of (Z)-jasmone on the behavioural response of Aphidius ervi to 
sweet pepper plant volatiles 
In a Y-tube olfactometer, Powell and Zang (1983) showed that a significantly higher 
number of male and female A. ervi chose the arm containing volatiles from wheat or 
bean plants than the confrol arm (clean air) and the response was stronger when the 
host-plant complex was present. This suggested that A. ervi utilises plant odour in the 
location of either food or host aphids. Similarly, other parasitoids belonging to the 
Aphidius species respond to plant odour. For example, the cereal aphid specialist 
Aphidius rhopalosiphi displayed different behavioural responses to different varieties of 
winter wheat (Wickremasinghe and van Emden, 1992) and Aphidius colemani displayed 
a behavioural response to volatiles from cucumber (Pinto et al., 2004) and cabbage 
(Kalule and Wright, 2004) plants. In this thesis, a positive behaviour response of A. ervi 
to odour from sweet pepper plants was recorded. In the four-choice olfactometer, naive 
females preferred the odour of untreated sweet pepper plants compared to clean air, thus 
providing evidence to suggest that the volatiles from the plants were acting as 
synomones. This effect was enhanced by the application of (Z)-jasmone. Naive female 
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A. ervi preferred sweet pepper plants treated with (Z)-jasmone, 48h previously, 
compared to untreated plants. As discussed, previous studies have also shown that 
A. ervi exhibited a preference for bean plants treated with (Z)-jasmone (Birkett et al., 
2000). Aphidius ervi did not significantly prefer the (Z)-jasmone treated sweet pepper 
plants to plants treated with the blank formulation. Nor did A. ervi exhibit a preference 
between the volatiles fi-om sweet pepper plants treated with blank formulation and 
untreated plants. This data suggests that the volatile profile of plants treated with 
(Z)-jasmone increases the attractiveness of the sweet pepper plants to A. ervi. Again the 
blank formulation is affecting the volatile profile, but not to the extent where it 
significantly affects the behaviour of the parasitoid. 
With regards to the foraging behaviour, even though the total time spent on the sweet 
pepper plant was not affected by the application of blank formulation or (Z)-jasmone, 
the proportion of time spent foraging was. Aphidius ervi spent significantly more time 
walking around and visited significantly more leaves on plants treated with (2)-jasmone 
compared to plants treated with the blank formulation. The application of blank 
formulation did not affect the foraging behaviour of the parasitoid. Again this data also 
agrees with past research (Bruce et al., 2003b), showing that (Z)-jasmone increases the 
foraging behaviour of parasitoids. 
Finally, it was investigated if the increase in foraging by A. ervi and preference for the 
volatile profile of sweet pepper plants treated with (Z)-jasmone would lead to an 
increase in parasitisation of M. persicae in a no-choice environment. No effect was 
recorded. Choice experiments need to be conducted before it can be concluded that 
parasitisation of aphids is not effected by the application of (Z)-jasmone on sweet 
pepper plants. 
6.4.4. The effect of (Z)-jasmone on the volatile profile of sweet pepper plants 
Air entrainment samples were successfully collected fi-om untreated sweet pepper plants 
and sweet pepper plants treated with blank formulation or (Z)-jasmone 24, 48 and 72 h 
previously. Principal component analysis (PCA) and canonical variate analysis (CVA) 
were done on the absolute amounts of all the chemicals detected by gas 
chromatography. Principle component analysis compared the variation between each 
sample with regards to each variable (RI) and information regarding explanatory 
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variables i.e. treatments, was not included in the calculation. All the samples were 
tightly grouped except for a few outliers. This implies there is no distinct pattern of 
variability for all chemicals with regards to the different treatments (untreated, treated 
with blank formulation or treated with (Z)-jasmone) of sweet pepper plants. This is 
probably not surprising as most of the obvious visual differences between the samples 
were quantitative rather than qualitative. Analysis of all the chemicals by CVA, where 
explanatory variables are included, also revealed no significant differences between 
samples collected from untreated sweet pepper plants, sweet pepper plants treated with 
blank formulation or with (Z)-jasmone. 
The results from the behavioural olfaction studies with M persicae and A. ervi 
suggested that the volatile profile of the sweet pepper plants freated with (Z)-jasmone, 
48 h previously was different to the volatile profile of unfreated plants and plants freated 
with a blank formulation. Behaviour studies with M persicae also suggested that the 
volatile profile of unfreated sweet pepper plants was different to the volatile profile of 
plants treated with (2)-jasmone or blank formulation 24 h previously. Not all 150 
chemicals that were present in the samples collected from the sweet pepper plants 
would elicit a behavioural response or even be detected by M. persicae or A. ervi. 
Therefore, PCA and CVA analysis should be applied to biologically important 
chemicals i.e. chemicals which elicit an elecfrophysiological or a behaviour response, 
for a valid conclusion to be obtained. Research to address this issue is to be conducted 
in the future, but at present, the absolute amounts of chemicals that could be tentatively 
identified by GC-MS and have been shown to be biologically relevant in other tri-
trophic interactions, were tested using PCA and CVA. 
When PCA was applied to tentatively identified chemicals a slight separation was 
observed but when CVA was applied, an obvious separation was apparent at 48 and 
72 h after treatment. Significant separations occurred between the tentatively identified 
chemicals collected from sweet pepper plants freated with (Z)-jasmone and the other 
groups, sweet pepper plants freated with blank formulation and untreated plants. 
Examination of the loadings for the tentatively identified chemicals established that 
specific chemicals were of importance and were responsible for explaining variations 
between groups. 
231 
Chapter 6 The Effect of rZ^-Jasmone on a Sweet Pepper Based System 
From PCA and CVA analysis, tentatively identified chemicals of importance included 
y5-myrcene, (Z)-3-hexenyl acetate and (£)-2-hexenyl acetate, (£)-ocimeme, 
(£)-4,8-dimethyl-l,3,7-nonatriene (DMNT), 3-ethylbenzaldehyde, (£)-a-bergamotene 
and (E,f)-4,8,12-trimethyl-1,3,7,11 -tridecatetraene (TMTT) which all increased on 
application of (Z)-jasmone. (Z)-3-Hexenyl butyrate was also identified as an important 
chemical, which decreased with the application of (Z)-jasmone, 72 h previously. This 
implicates the involvement of these chemicals in causing different behavioural 
responses by M persicae and A. ervi to the volatile profile of sweet pepper plants 
treated with (2)-jasmone compared to untreated and sweet pepper plants treated with a 
blank formulation. All of these chemicals, apart from 3-ethylbenzaldehyde, have been 
shown in past studies to be induced or released from plants by herbivores and play a 
role in the recruitment of natural enemies. 4-Ethylbenzaldehyde, structurally related to 
3-ethylbenzaldehyde, is also present in oat plant volatiles, but when tested in the four-
way olfactometer with alate and apterous Rhopalosiphum padi it did not elicit a 
behavioural response (Quiroz and Niemeyer, 1998b). 
The monoterpene hydrocarbon (£)-y5-ocimene and the homoterpene DMNT, are two 
most commonly encountered volatile chemicals released from plants in response to 
herbivory. Both have been previously demonstrated to be attractive to predators and 
parasitoids of herbivores. For example, predatory mites {Phytoseiulus persimilis) are 
attracted to these chemicals which are released by lima bean plants (Phaseolus lunatus) 
infested with two-spotted spider mites (Tetranychus urticae) (Dicke et al, 1990). 
(£)-j5-0cimene and DMNT have also been found to be volatile components of stem-
borer infested maize plants and were responsible of the repellency of molasses grass 
{Melinis minutifloa) to stem-borers (Pickett et al., 2006). In addition, an increase in the 
foraging activity of the stem borer parasitoid Cotesia sesamiae was observed when 
DMNT was present at a similar level found in M minutifloa (Khan et al., 1997). More 
relevantly, (£)-;5-ocimene has been identified from broad bean plants infested with the 
pea aphid, Acyrthosiphon pisum, along with other volatiles including (Z)-3-hexenyl 
acetate, and was shown to increase the foraging behaviour of A. ervi (Du et al., 1998). 
Thus it is quite likely that these chemicals may play a role in the behavioural response 
of M persicae and A. ervi to plants treated with (Z)-jasmone. In previous studies, an 
increase in the release of (£)-yS-ocimene from (Z)-jasmone treated bean (Birkett et al., 
2000), wheat and potatoes (Smart, L., pers. comm.) plants has been recorded. Also, it 
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has been shown that jasmonate precursors and derivatives of jasmonic acid itself can 
induce the emission of (£)-y9-ocimene and DMNT as well as TMTT in Lima beans 
(Koch et al., 1999). (^-y5-0cimene has also been shown to act as a plant activator 
which up-regulates the signalling pathway of jasmonic acid and ethylene when applied 
to uninfested lima bean plants (Arimura et al, 2002). 
(£',£)-4,8,12-Trimethyl-l,3,7,ll-tridecatetraene (TMTT) may also play a role in the 
behavioural response of M. persicae and A. ervi to sweet pepper plants treated with 
(Z)-jasmone. Recently it has been shown in the four-way olfactometer, M persicae 
spent significantly less time and A. ervi spent significantly more time in the arm 
containing TMTT compared to the control arms (solvent) (Bruce, T. J. A., pers. comm.). 
This demonstrates that TMTT may be involved in host location by both aphids and 
aphid parasitoids. Other plant-herbivore systems have also demonstrated an increase in 
TMTT emitted from herbivore infested plants. For example, TMTT has been shown to 
facilitate discrimination by the predatory mite Phytoseiulus persimilis to bean plants 
infested with prey and non-prey (de Boer et al, 2005). Large amounts of TMTT were 
emitted by Tetranychus urticae (prey) infested plants compared to the non-prey 
caterpillar Spodoptera exigua infested plants. As already discussed, the application of 
other plant activators can also up-regulate the release of TMTT (Koch et al., 1999). 
Other chemicals shown to be induced on the application of (Z)-jasmone on sweet pepper 
plants include the lipoxygenase-derived green leaf volatiles, (Z)-3-hexenyl acetate, 
(jG)-2-hexenyl acetate and (Z)-3-hexenyl butyrate, and the common monoterpene in 
higher plants ^-myrcene (Bemays and Chapman, 1994). Again, these chemicals have 
been shown to be released from other plants and are induced by herbivore attack. For 
example, cotton plants subjected to beet army worm feeding increased the release of 
(Z)-3-hexenyl acetate and ^-myrcene, as well as (£)-y5-ocimene, DMNT and TMTT 
(Loughrin et al, 1994). All of these chemicals, apart from ^-myrcene were released 
from not only the leaves where the feeding occurred but also from upper undamaged 
leaves (Rose et al, 1996). (Z)-3-Hexenyl acetate has been shown in the field to attract 
beneficial insects (James, 2003b, a) including predatory insect species in the families 
Chysopidae, Miridae, Geocoridae, Anthocoridae, Syrphidae and Coccinellidae. Finally, 
the levels of (E)-a-bergamotene has been shown to increase on the application of 
Manduca sexta larvae regurgitant to Nicotiana attenuate (von Dahl and Baldwin, 2004) 
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or corn-fed beet armyworm larva regurgitant {Spodoptera exigua) to damaged com 
seedlings (Zea mays) (Turlings and Tumlinson, 1992). 
Further research on the electrophysiological and behavioural activity needs to be done 
in order to establish the effect of these chemicals on the behaviour of M. persicae and 
A. ervi. Co-injections need to be performed in order to clarify the tentative identification 
of the chemicals collected. Results from the PCA and CVA should be interpreted with 
caution due to a small sample size (n = 5), which reduces the power of the test to detect 
significant differences. Also, chemicals that were not tentatively identified may also 
play an important role in eliciting a behavioural response from M. persicae and A. ervi. 
A behaviour response of alate M persicae to sweet pepper plants treated with 
(Z)-jasmone 24 h previously was recorded, compared to untreated plants, but no 
significant differences between the volatile profiles of the treatments were obtained 
using PCA and CVA. This suggests that either the statistical analysis is not sensitive 
enough or some chemicals are missing from the analysis. 
6.5. CONCLUSION 
The affect of (Z)-jasmone on a sweet pepper plant based system with regards to the 
aphid and parasitoid interactions were investigated. (Z)-Jasmone affected the 
behavioural response of alate M. persicae to volatiles from sweet pepper plants and the 
growth rates A. solani. In the four-way olfactometer, alate M persicae made a higher 
proportion of entries in the arm containing volatiles from untreated sweet pepper plants 
compared to clean air. This behavioural response was affected by the application of 
blank formulation and (Z)-jasmone to sweet pepper plants. No significant difference 
between the arms containing sweet pepper plants treated with (Z)-jasmone, 24 or 48 h 
previously, or blank formulation, 24 h previously, compared to the control arms 
occurred. The application of (Z)-jasmone on sweet pepper plants did not affect the 
growth rate of M persicae but it did affect the growth rate of A. solani. A decrease in 
the MRGR of A. solani nymphs and, as a consequence, a decrease in time to produce 
their first nymph occurred on (Z)-jasmone treated sweet pepper plants compared to 
plants treated with the blank formulation 
With regards to tri-trophic interactions, (Z)-jasmone affected the foraging and the 
behavioural response of A. ervi to volatiles from sweet pepper plants. Aphidius ervi 
234 
Chapter 6 The Effect of (Z)-Jasmone on a Sweet Pepper Based System 
preferred volatiles from sweet pepper plants treated with (Z)-jasmone compared to 
untreated plants and the foraging time increased on plants treated with (Z)-jasmone. No 
effect of (Z)-jasmone on the parasitisation of M. persicae was recorded in a no-choice 
environment. 
Volatiles from untreated sweet pepper plants and sweet pepper plants treated with blank 
formulation or (Z)-jasmone 24, 48 and 72 h previously were successfully collected. 
^-Myrcene, (Z)-3-hexenyl acetate and (£)-2-hexenyl acetate, (£)-ocimeme, 
(£)-4,8-dimethyl-l,3,7-nonatriene (DMNT), 3-ethylbenzaldehyde, (£)-a-bergamotene 
and (^,^-4,8,12-trimethyl-1,3,7,11 -tridecatetraene (TMTT) all increased on application 
of (Z)-jasmone. Therefore, it can be concluded (Z)-jasmone has an affect on aphids, 
parasitoid, and plant volatiles in a sweet pepper based system. 
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CHAPTER 7. GENERAL DISCUSSION 
Millar and Haynes (1998) defined chemical ecology as "the study of the structure, 
function, origin and significance of naturally occurring compounds that mediate inter-
and intra-specific interactions between organisms". The overall objective of this thesis 
was to study the chemical ecology of aphids with regard to the aphid sex pheromone 
(intra-specific) and the effect of a plant activator [(2)-jasmone] on tritrophic interactions 
(inter-specific). Both systems could be utilised in the control of aphids by interfering 
with aphid biology and behaviour. In order for pest control methods based upon 
chemical ecology to be effective, the biological system has to be understood and the 
semiochemicals involved completely characterised. 
7.1. THE APHID SEX PHEROMONE 
The sex pheromone of many aphid species has been previously reported to comprise of 
a mixture of the monoterpenoids (4a5'i?,7iS'i?,7a/?5)-nepetalactone and 
(li?5,4aS'i?,75'i?,7ai?*S)-nepetalactol (Dawson et al., 1987; Dawson et al, 1989) but the 
absolute stereochemistry of the sex pheromone components was not determined. The 
ratio and stereochemistry of the sex pheromone components are thought to play an 
integral role in males locating conspecific oviparae (Dawson et al, 1990; Hardie et al., 
1990; Lilley and Hardie, 1996; Boo et al, 2000; Campbell et al, 2003). Different 
enantiomers of pheromone components may induce a different behavioural response 
from different insects (Mori, 1989). Past research investigating the behavioural response 
of male aphids to different enantiomers of the aphid sex pheromone components in field 
studies, suggested this was likely to be true for aphids (Hardie et al., 1997). It has also 
been suggested that the sex pheromones of some aphid species could comprise of more 
than just two components (Guldemond etal., 1992, 1993). 
In this thesis, no conclusive evidence was obtained to support the hypothesis that 
different species of oviparae released different enantiomers (Chapter 3) therefore 
suggesting the absolute stereochemistry of the components may not play an important 
role in males locating conspecific oviparae. It was shown that four species of oviparae 
investigated released (4a*S',75',7ai?)-nepetalactone (I) and it was conclusively shown that 
two of the species released (li?,4aS',76',7a/?)-nepetalactol (HI) Behavioural studies have 
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to be conducted before the stereochemistry-pheromone activity relationship is 
determined (Mori, 1989). 
In chapter 4, a potential additional sex pheromone component was identified as 
(\SR,2RS,3SR)-do\ich.odial. {lSR,2RS,3SR)-Do\ichodiei\ was present in the air 
entrainment samples collected from four of the six species of oviparae investigated. An 
electrophysiological response by male and gynoparous D. plantaginea to (l>S',2i?,35)-
dolichodial (X) was recorded and it was shown to elicit a behavioural response by male 
D. plantaginea. Using the servosphere bioassay (Chapter 5), male D. plantaginea 
exhibited an 'arrestment' response to the two major components of the conspecific sex 
pheromone, (4aS,75',7ai?)-nepetalactone (I) and (li?,4a^,7/S',7a/?)-nepetalactol (III), but 
when (15',2i?,35)-dolichodial (X) was present in the mixture an 'attraction' behavioural 
response was recorded. This is the first time an elecfrophysiological and a behavioural 
response by any aphid morph to (15',2i?,3iS)-dolichodial (X) have been reported. If 
(15'i?,2i?5',35'i?)-dolichodial is a third component of the aphid sex pheromone, it will add 
a new dimension to the ratios of the sex pheromone components and may play an 
important role in species integrity. The absolute stereochemistry and the biosynthetic 
origin of (15'i?,2i?S,35'i?)-dolichodial present in the air entrainment samples collected 
from different species of oviparae still has to be determined. 
Sex pheromones could be implemented in direct pest control programmes i.e. mating 
disruption and mass trapping. Mating disruption is where large amounts of sex 
pheromone is released into the crop in order to prevent males locating the females, 
whereas mass trapping involves insect pests being attracted to a site where they can be 
removed (Foster and Harris, 1997). The physiological mechanism behind mating 
disruption is unknown but many theories have been suggested (Foster and Harris, 
1997). Both mating disruption and mass trapping incorporating the use of sex 
pheromones have been successfully implemented within pest management programmes 
for many species of pest, especially Lepidoptera. For example, a pheromone-based 
mating disruption system has become an important component in pest management 
programmes for the control of the codling moth, (Cydia pomonelld) in apple, pear and 
walnut orchards (Carde and Minks, 1995; Calkins, 1998; Thomson et al, 2001). Large 
amounts of the synthetic sex pheromone, (£',£)-8,10-dodecadien-l-ol (codlemone) 
(McDonough and Moffitt, 1974), can be introduced into the crop by the use of several 
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different pheromone-delivery systems i.e. isomate polyethylene-tube dispensers 
(Thomson et al, 2001), puffers (Shorey and Gerber, 1996) and micro-capsules 
(Stelinski et al, 2005). This prevents the males from locating the females. Examples of 
successful mass trapping of pests with sex pheromones include the citrus flower moth 
{Prays citri) on lemons in Israel (Stemlicht et al., 1990) and the gypsy moth (Lymantria 
dispar) in the United States (Kolodny-Hirsch and Schwalbe, 1990). 
The aphid sex pheromone has potential to be used in pest management systems. 
Nepetalactone and nepetalactol are commercially available. A commercial system has 
been recently developed where 30 kg of essential oil, comprising of 85-97.5% 
enatomeric pure (4a6',75',7a^)-nepetalactone (I), is extracted from 35 t of catmint, 
Nepeta cataria (Lamiaceae = Labiatae) (Birkett and Pickett, 2003). Compared to 
conventional synthesis from cifronellol, this has dramatically reduced the cost of 
(4a5',75',7ai?)-nepetalactone (I) by 1000-fold, from £1000 g'^  to £1 g"^  (Birkett and 
Pickett, 2003). The (4a5',75',7ai?)-nepetalactone (I) is then readily reduced to 
(li?,4aS',75',7a/?)-nepetalactol (III) (absolute stereochemistry determined in Chapter 3). 
In addition, (4aS',75',7a/?)-nepetalactone (I) and (li?,4a^,75',7ai?)-nepetalactol (III) have 
been formulated using polymer extrusion technology to produce a flexible PVC rope. 
This formulation maintains a slow and consistent release rate of the active ingredients as 
well as preventing UV degradation and oxidation (Birkett and Pickett, 2003). The use of 
essential oils from renewable stocks is not only cheaper and sustainable compared to 
synthesis using fine chemicals from mineral oil stocks, but would also be more readily 
accepted by organic growers. If further research shows that dolichodial is an important 
component of the aphid sex pheromone, a similar system could be used to extract 
(15',2i?,3»S)-dolichodial (X) from cat thyme, Teucrium marum. 
Although the components of the aphid sex pheromone are readily available, the use of 
the aphid sex pheromone in direct aphid control programmes has not been commercially 
developed. One limiting factor is the biology of the aphid pest. Aphids which alternate 
between hosts are generally an agricultural pest on the summer secondary host. It is in 
the autumn on the primary host where the sexual morphs occur (Blackman and Eastop, 
2000) and where the farmers generally carmot implement control measures. Also, the 
opportunity to exploit the aphid sex pheromone for control purposes is limited to a two-
month period. In addition, when conditions in winter permit the survival of an aphid, 
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and a suitable food quality is found, the aphid may continue to produce parthenogenetic 
generations (Blackman, 1974). 
Direct control measures using the sex pheromone can generally only be implemented 
where the aphid is a pest on the primary host i.e. in fruit orchards. For example, the rosy 
apple aphid {D. plantaginea), the second most important pest of apple in Europe and 
North America (Blommers et al., 2004). In the autumn male and gynoparous 
D. plantaginea migrate to apple trees where over-wintering eggs are laid. It is in the 
follow spring, when the fundatrices hatch, that the new population of D. plantaginea 
causes the most economic damage. Substantial damage to the fruits occurs even when 
aphid densities are so low as to defy visual monitoring (Blommers et al., 2004). 
Currently, the application of insecticides occurs when a single fundatrix per 100 buds is 
found (Graf, 1999; Wyss et al., 1999; Minarro et al., 2005). This selection pressure has 
lead to the development of insecticide resistance (Delorme et al., 1997). The spring 
population could be reduced by controlling the autumn population by utilising the sex 
pheromone and therefore less damage will occur. Only one investigation into the use of 
direct control measures using the aphid sex pheromone has been reported. 
Rhopalosiphum padi is a main pest of cereal crops in the summer but in the autumn 
sexual forms migrate to Prunus padus trees (Pettersson et al., 1994). The sex 
pheromone of R. padi has been reported to consist of (li?6',4a67?,7S/?,7ai?5)-nepetalactol 
(Hardie et al., 1994c). Donato (2001) attached vials containing {\R,AdS,lS,laR)-
nepetalactol (III) to Prunus padus trees to assess if mating could be disrupted. A 
significant increase in the number of males landing on the trees was observed but 
whether the behaviour exhibited by the males locating conspecific oviparae was 
affected was not conclusive. 
The use of the aphid sex pheromone could also be part of an integrated pest 
management (IPM) scheme. In IPM, the sex pheromone could be used to monitor male 
or gynoporous populations, used together with the exploitation of biological control 
agents (Hockland et al., 1986) or used to manipulate insects as part of a push-pull 
system (Pickett et al., 1994, 1997; Cook et al., 2007). Currently the most common 
strategy to confrol D. plantaginaea is to apply insecticides in early spring when 
fundatrices hatch, but aphid populations could also be reduced by spraying insecticides 
in autumn. Kehrli and Wyss (2001) reported that insecticide applications against the 
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oviparae in autumn strongly inhibited the threat of an outbreak the next spring. As the 
window of opportunity is small, aphid monitoring systems using the sex pheromone 
components of D. plantaginea could be developed to gather information allowing 
accurate timing of insecticide treatment i.e. when the gynoparae are present but no 
mating has occurred. Gynoparae appear first in the crop with the males following 
approximately two weeks later (Blommers et al, 2004). The sex pheromone 
components have been shown to attract gynoparae as well as male aphids (Hardie et al., 
1996; Losel et al., 1996a; Losel et al, 1996b; Gabrys et al., 1997) therefore information 
on when the gynoparae are present and when the first males start to appear in the crop 
can be collated. Spraying insecticides in the autumn will reduce the number of sexual 
females, therefore, as a consequence less or no eggs are laid thus lowering the damage 
the following spring. 
Hartfield et a/. (2001) investigated the potential of lure and infect traps in the control of 
P. humuli in hop and plum orchards. The lure and infect mechanism involves the insect 
being lured into a trap where it is infected with a pathogen, then allowed to escape. 
When it is released, the insect locates other conspecific aphids which it then infects with 
the pathogen. Male P. humuli entered traps containing the sex pheromone component 
(li?,4aS',76',7a/?)-nepetalactol (III) and an inoculum of the pathogen Verticillium lecanii 
but the effectiveness of this control mechanism in the field was questioned. 
Finally, the aphid sex pheromone has been shown to elicit a positive behavioural 
response by aphid parasitoids (Hardie et al., 1991; Powell et al., 1993; Lilley et al., 
1994; Glinwood et al., 1998a). The response of^ . ervi to (4aS',75',7ai?)-nepetalactone (I) 
was found to be innate, thus not easily modified by learning experiences (Vet and 
Dicke, 1992). Therefore the aphid sex pheromone could be used to manipulate natural 
populations of parasitoids to control aphid populations. In order for parasitoids to be 
used as an effective control system it is necessary to achieve early-season synchrony 
between the aphid and parasitoid populations (Powell et al, 1998). Unfortunately 
synchronization tends not to occur in the field, consequently large aphid colonies 
develop before the parasitoids arrive into the crop. To combat this problem, a parasitoid 
management system using the aphid sex pheromone has been developed. In the autumn 
when the parasitoids are forced to leave the harvested crop, sex pheromone lures are 
placed around the field in order to attract the parasitoid into the field margins where 
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they over winter as pupae. The following spring, the parasitoids emerge and rapidly 
recolonise the crops, therefore better synchrony occurs with the invading aphids (Powell 
et al, 1998). Field studies have been conducted which demonstrate the feasibility of this 
approach (Pickett et al., 1998). 
7.2. THE PLANT ACTTVATOR, (Z)-JASMONE 
The use of plant activators which induce plant defence before aphid colonization also 
look promising as a control mechanism for aphids. The effects of (Z)-jasmone as a plant 
activator in wheat has previously been investigated showing that (Z)-jasmone induces 
plant defences against aphids (Birkett et al, 2000; Chamberlain et al, 2001; Pickett and 
Poppy, 2001; Bruce et al., 2003a; Pickett et al., 2007). The application of (Z)-jasmone 
to small-plot field experiments conducted over four years showed a significant 
reduction in the mean number of Sitobion avenae (the grain aphid) per tiller in fields 
sprayed with (Z)-jasmone compared to controls (Bruce et al., 2003a). In three seasons 
out of the four, plots were sprayed in May and protection against aphids was maintained 
until June, although this effect was partly due to the reduction in initial population. 
In Chapter 6, evidence was gained to support the hypothesis that (2)-jasmone is a plant 
activator of sweet pepper plants. Forty-eight h after the application of (Z)-jasmone to the 
sweet pepper plants, the volatile profile of the plant changed showing that (Z)-jasmone 
induced an alteration in the plants secondary metabolism. Chemicals i.e. (£)-/^ocimene 
and (£)-4,8-dimethyl-l,3,7-nonatriene (Dicke et al., 1990; Du et al, 1998), which have 
been shown in past studies to be induced or released from plants by herbivores and play 
a role in the recruitment of natural enemies, were shown to increase after (Z)-jasmone 
application to sweet pepper plants. As a consequence of the change in the volatile 
profile, the behavioural responses of aphids and parasitoids to the plants treated with 
(Z)-jasmone was also altered. The positive behavioural response to untreated sweet 
pepper plant volatiles by alate M. persicae was not observed when the plants were 
sprayed with (Z)-jasmone but the aphid parasitoid A. ervi preferred volatiles from sweet 
pepper plants treated with (Z)-jasmone compared to untreated plants. An increase in 
foraging time was also exhibited by A. ervi on plants treated with (2)-jasmone. 
Electrophysiological and behavioural studies need to be done before it is known which 
chemicals are responsible for the change in behavioural response of M. persicae and 
A. ervi to the sweet pepper plants. In addition, a decrease in the mean relative growth 
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rate of A. solani but not M persicae was also effected by sweet pepper plants treated 
with (Z)-jasmone. It is unknown if the volatile profile of the plant or a decrease in plant 
quality was responsible for the change in development rate. 
Sweet peppers are generally grown in a protected environment (EMPPO, 2004a, b) 
where the use of parasitoids as biological control agents can be easily introduced and 
managed. By introducing a plant activator i.e. (Z)-jasmone to the crop, not only will the 
parasitoid efficiency increase but aphid colonisation could also be reduced, providing a 
more effective control mechanism. Induced plant defence initiated by the application of 
(Z)-jasmone may also protect the plant against other pests of sweet pepper plants under 
glass e.g. different species of aphids, noctuid larvae, mites and whitefly (EMPPO, 
2004b). When jasmonic acid, a known plant activator, was applied to tomato foliage in 
the field, a decrease in abundance of four herbivores occurred (Thaler et ai, 2001). The 
four herbivores were from different insect guilds: caterpillars, flea beetles, aphids and 
thrips. This evidence suggests that induced defence probably affects a range of insect 
pests. The induced plant defence initiated by (Z)-jasmone may also have an effect on 
pathogens of the sweet pepper plant. It has been shown that when a plant has been 
colonised with a pest and subsequently attacked by a pathogen, reduced symptoms 
occur (Mclntyre et al, 1981; Stout et al, 2006). For example, cotton plants previously 
exposed to spider mites {Tetranychus urticae) were less likely to show verticillium wilt 
symptoms on infection with the fugal pathogen Verticillium dahliae (Karban et al., 
1987). This suggested that the induced defence response by the plant to the mites also 
affected the infection of the fungal pathogen. Before the initiation of induced plant 
defence to multiple pests can be utilised in a pest management programme, an 
understanding of how different plant signalling pathways interact with each other and 
induce plant defence mechanisms has to be acquired (Thaler et al, 2002). 
Plants which have been infected or colonised by pests, have been shown to display 
faster and/or stronger induced responses on subsequent attacks (Conrath et al., 2006). 
This phenomenon is called priming. Volatile chemicals from infested plants have also 
been shown to prime uninfested neighbouring plants. The green leaf volatiles 
[(Z)-3-hexenal, (Z)-3-hexen-l-ol, and (Z)-3-hexenyl acetate] are produced by com 
plants (Zea mays) in response to beet armyworm (Spodoptera exigua) attack. Engelberth 
et al. (2004) showed that these volatiles did not induce defence in neighbouring plants, 
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but primed neighbouring plants. When S. exigua regurgitant was applied to the 
neighbouring plants, the induced responses were triggered. Ton et al. (2007) provided 
evidence that the priming of the com plants by the green leaf volatiles was caused by an 
up-regulation of a subset of defence-related genes. As a consequence, a reduction in 
caterpillar feeding and a significant increase in attraction to the plants of the parasitic 
wasp Cotesia marginiventis were recorded. 
The application of a plant activator to induce plant defences may cause a fitness cost. 
Costs can result from an allocation of limited resources or from the disruption of 
mutualistic interactions with other insects (van Dam and Baldwin, 1998; Dicke and van 
Loon, 2000; Gatehouse, 2002; Hoballah et al., 2004). But studies have suggested that 
the benefits of induced plant defences outweigh the fitness costs. For example, lima 
beans which were repeatedly induced with jasmonic acid suffered less herbivore 
damage and, as a consequence, a significant increase in the number of leaves, 
inflorescences and fruit occurred (Heil, 2004). The increase in inflorescences meant an 
increase in seed set and therefore enhanced reproductive success. Also an increase in the 
secretion of extra-floral nectar was observed. 
7.3. CONCLUSION 
The chemical ecology of aphids with regard to the aphid sex pheromone (intra-specific) 
and the effect of a plant activator [(2)-jasmone] on tritrophic interactions (inter-specific) 
has been successfully investigated. Valuable information has been provided on the 
components and the behavioural response of males to the aphid sex pheromone. The 
absolute stereochemistry of nepetalactone and nepetalactol released by different species 
of oviparae has been determined and a potential new component of the aphid sex 
pheromone has been identified as (15'i?,27?iS',367?)-dolichodial. Also, evidence has been 
provided suggesting (Z)-jasmone is an activator of sweet pepper plants. The aphid sex 
pheromone and the application of a plant activator to crops are both promising systems 
which could be utilised in the fixture pest management programmes to control aphids as 
an alternative to broad-spectrum insecticides. 
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Appendix A. l . GC trace from a non-polar column (HP-1) of (A) Rhopalosiphum 
insertum oviparae air entrainment sample, (B) R. insertum oviparae air 
entrainment sample co-injected with synthetic (4aiS',75',7ai?)-nepetalactone (I), 
(C) synthetic (4aS',75',7aif)-nepetalactone (I). GC trace from a polar column (DB-
Wax) of (D) R. insertum oviparae air entrainment sample, (E) R. insertum oviparae 
air entrainment sample co-injected with synthetic (4a5',75',7a/?)-nepetalactone (I), 
(F) synthetic (4aS',75',7ai?)-nepetalactone (I). * Denotes peak enhancement with 
(4a5',75',7a/?)-nepetaIactone (I). 
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Appendix A.2. GC trace from a non-polar column (HP-1) of (A) Rhopalosiphum 
insertum oviparae air entrainment sample, (B) R. insertum oviparae air 
entrainment sample co-injected with synthetic (li?,4aiS',75',7ai?)-nepetalactol (III), 
(C) synthetic (li?,4aAS',7»S',7ai?)-nepetalactol (III). GC trace from a polar column 
(DB-Wax) of (D) R. insertum oviparae air entrainment sample, (E) R. insertum 
oviparae air entrainment sample co-injected with synthetic (li?,4aS',75',7a/f)-
nepetalactol (III), (F) synthetic (1/2,4^5,75,7a/f)-nepetalactol (III). * Denotes peak 
enhancement with (lif,4aS',7iS',7aif)-nepetalactol (III). 
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Appendix A.3. GC trace from a non-polar column (HP-1) of (A) Rhopalosiphum 
insertum oviparae air entrainment sample, (B) R. insertum oviparae air 
entrainment sample co-injected with (l)S',2i?,35)-dolichodial (X), (C) (15',2/?,35)-
dolichodial (X). GC trace from a polar column (DB-Wax) of (D) R. insertum 
oviparae air entrainment sample, (E) R. insertum oviparae air entrainment sample 
co-injected with (15,2i?,35)-dolichodial (X), (F) (15',2/?,35)-dolichodial (X). 
* Denotes peak enhancement with (l»S',2i?,35)-dolichodial (X). 
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Appendix A.4. GC trace from a non-polar column (HP-1) of (A) Rhopalosiphum 
insertum oviparae air entrainment sample, (B) R. insertum oviparae air 
entrainment sample co-injected with synthetic phenylacetonitrile (XIII), 
(C) synthetic phenylacetonitrile (XIII). GC trace from a polar column (DB-Wax) 
of (D) R. insertum oviparae air entrainment sample, (E) R. insertum oviparae air 
entrainment sample co-injected with synthetic phenylacetonitrile (XIII), 
(F) synthetic phenylacetonitrile (XIII). * Denotes peak enhancement with 
phenylacetonitrile (XIII). 
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Appendix B. l . GC trace from a non-polar column (HP-1) of (A) Ovatus insitus 
oviparae air entrainment sample, (B) O. insitus oviparae air entrainment sample 
co-injected with synthetic (4aiS',75',7ai?)-nepetalactone (I) and (\R,'\aS,lS,lnR)-
nepetalactol (III), and (C) synthetic (4aS',75',7aJ?)-nepetalactone (I) and 
(l/?,4aiS',75',7aif)-nepetalactol (III). GC trace from a polar column (DB-Wax) of 
(D) O. insitus oviparae air entrainment sample, (E) O. insitus oviparae air 
entrainment sample co-injected with synthetic (4aiS',7iS',7ai?)-nepetalactone (I) and 
(li?,4aS',75',7ai?)-nepetalactol (III), and (F) synthetic (4a5',75',7ai?)-nepetalactone (I) 
and (lif,4a5',7iS',7ai?)-nepetalactol (III). * Denotes peak enhancement with 
(4aS',7»S',7ai?)-nepetalactone (I). * Denotes peak enhancement with (li?,4a5',75',7ai?)-
nepetalactol (III). 
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Appendix B.2. GC trace from a non-polar column (HP-1) of (A) hawthorn leaves 
air entrainment sample and (B) synthetic (4a5',75',7aif)-nepetalactone (I) and 
(li?,4aS',75',7ai?)-nepetalactol (III). 
(4aS,75',7ai?)-nepetalactone (I) and (li?,4aiS',75,7a/?)-nepetalactol (III) were not detected 
in the air entrainment sample collected from hawthorn leaves. 
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Appendix B.3. GC trace from a chiral column (y^cyclodextrin) of (A and D) Ovatus 
insitus oviparae air entrainment sample, (B) O. insitus oviparae air entrainment 
sample co-injected with synthetic (4aS',75',7ai?)-nepetalactone (I), (C) synthetic 
(4aiS',75',7ai?)-nepetalactone (I), (E) O. insitus oviparae air entrainment sample co-
injected with synthetic (4a/?,7i2,7aiS)-nepetalactone (II) and (F) synthetic 
(4ai?,7if,7a5)-nepetalactone (II). * Denotes peak enhancement with (4a5',7iS',7a/?)-
nepetalactone (I). 
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Appendix B.4. H NMR spectrum of the derivatised air entrainment sample from 
Ovatus insitus (C expanded from D) with comparison to synthetic standards (A and 
B) 
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Appendix B.5. GC trace from HP-1 column of (A) Ovatus insitus oviparae air 
entrainment sample, (B) O. insitus oviparae air entrainment sample co-injected 
with (15',2i?,35)-dolichodial (X), and (C) (15',2i?,35)-dolichodiaI (X). GC trace from 
HP-Wax column of (A) O. insitus oviparae air entrainment sample, (B) O. insitus 
air entrainment sample co-injected with (15',2i?,35)-dolichodial (X), and 
(C) (15',2i?,35)-dolichodial (X). * Denotes peak enhancement with (15',2i?,35)-
dolichodial (X). 
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Appendix B.6. GC trace from a non-polar column (HP-1) of (A) hawthorn leaves 
air entrainment sample and (B) (15',2if,35)-dolichodial (X). 
(15',2i?,35)-Dolichodial (X) was not detected in the air entrainment sample collected 
from hawthorn leaves. 
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Appendix B.7. GC trace from a non-polar column (HP-1) of (A) Ovatus insitus 
oviparae air entrainment sample, (B) O. insitus oviparae air entrainment sample 
co-injected with phenylacetonitrile (XIII), and (C) phenylacetonitrile (XIII). GC 
trace from a polar column (DB-Wax) of (A) O. insitus oviparae air entrainment 
sample (B) O. insitus oviparae air entrainment sample co-injected with 
phenylacetonitrile (XIII), and (C) phenylacetonitrile (XIII). * Denotes peak 
enhancement with phenylacetonitrile (XIII). 
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APPENDIX C. MACROSIPHUM EUPHORBIAE 
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Appendix C. l . GC trace from a non-polar column (HP-1) of (A) Macrosiphum 
euphorbiae oviparae air entrainment sample, (B) M. euphorbiae oviparae air 
entrainment sample co-injected with synthetic (4aS',75',7ai?)-nepetalactone (I), 
(C) synthetic (4a5',75',7a/?)-nepetalactone (I). GC trace from a polar column (DB-
Wax) of (D) M. euphorbiae oviparae air entrainment sample, (E) M euphorbiae 
oviparae air entrainment sample co-injected with synthetic (4aS',75',7a/?)-
nepetalactone (I), (F) synthetic (4aS',75',7ai?)-nepetalactone (I). * Denotes peak 
enhancement with (4aiS',7iS',7aR)-nepetalactone (I). 
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Appendix C.2. GC trace from a non-polar column (HP-1) of (A) Macrosiphum 
euphorbiae oviparae air entrainment sample, (B) M. euphorbiae oviparae air 
entrainment sample co-injected with synthetic (li?,4aiS',75',7ai?)-nepetalactol (III), 
(C) synthetic (lif,4a5',75',7aii!)-nepetalactol (III). GC trace from a polar column 
(DB-Wax) of (D) M. euphorbiae oviparae air entrainment sample, (E) M. 
euphorbiae oviparae air entrainment sample co-injected with synthetic 
(li?,4a5',75',7ai?)-nepetalactol (III), (F) synthetic (li?,4a5',7iS',7a/?)-nepetalactol (III). 
* Denotes peak enhancement with (li?,4a*S',75',7a/?)-nepetalactol (III). 
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Appendix C.3. GC trace from a non-polar column (HP-1) of (A) potato leaf air 
entrainment sample, (B) potato leaf air entrainment sample co-injected with 
synthetic (4aS',75',7ai?)-nepetalactone (I), (C) synthetic (4a5',75',7ai?)-nepetalactone 
(I). GC trace from a polar column (DB-Wax) of (D) potato leaf air entrainment 
sample, (E) potato leaf air entrainment sample co-injected with synthetic 
(4a5,75',7ai?)-nepetalactone (I), (F) synthetic (4aiS',75',7ai?)-nepetalactone (I). 
* Denotes peak enhancement with (4aiS',75',7aif)-nepetalactone (I). 
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Appendix C.4. GC trace from a non-polar column (HP-1) of (A) potato leaf air 
entrainment sample, (B) potato leaf air entrainment sample co-injected with 
synthetic (lif,4a5',75',7ajR)-nepetalactol (III), (C) synthetic (l/?,4a5',75',7ai?)-
nepetalactol (III). GC trace from a polar column (DB-Wax) of (D) potato leaf air 
entrainment sample, (E) potato leaf air entrainment sample co-injected with 
synthetic (li?,4a5',75',7ai?)-nepetalactol (III), (F) synthetic (li?,4a5,75',7a/?)-
nepetalactol (III). * Denotes peak enhancement with (li2,4aiS',75',7aif)-nepetalactol 
(III). 
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Appendix C.5. H NMR spectrum of the derivatised (A and B) synthetic standards 
and (C expanded from D) air entrainment sample from Macrosiphum euphorbiae 
showing H-1 and H-3 resonances for the derivatised nepetalactol. 
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Appendix C.6. GC trace from a non-polar column (HP-1) of (A) derivatised Macrosiphum euphorbiae air entrainment sample, (B) co-
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APPENDIX D. NASONOVIA RIBIS-NIGRI 
180000 -
150000 • 
120000 
90000 • 
60000 
30000 
(B) 
I 
I 
180000 
150000 
120000 
90000 
60000 
30000 
0 
(C) 
t 
180000 
150000 -i 
120000 
90000 
60000 
30000 
0 
20 
22 23 24 
Time (min) 
20 21 22 23 24 
Time (mln) 
21 22 23 24 
Time (min) 
(D) 
I 
i 
I 
(E) 
& 
1 
I 
25 26 
(F) 
% 
1 
I 
1000 
800 
600 
400 
200 
0 
1000 
800 
600 
400 
200 
0 
1000 
800 
600 
400 
200 
0 
28 
25 26 
28 29 
29 
28 29 
30 31 32 
Time (min) 
33 34 
30 31 32 
Time (min) 
33 34 
« 
30 31 32 33 34 
Time (min) 
Appendix D. l . GC trace from a non-polar colunm (HP-1) of (A) Nasonovia ribis-
nigri oviparae air entrainment sample, (B) N. ribis-nigri oviparae air entrainment 
sample co-injected with synthetic (4aS',75',7ai?)-nepetalactone (I) and 
(lif,4aS',75',7aif)-nepetalactol (III), and (C) synthetic (4a5',7»S',7aR)-nepetalactone 
(I) and (lJ?,4a5',75',7aR)-nepetalactol (III). GC trace from a polar column (DB-
Wax) of (D) N. ribis-nigri oviparae air entrainment sample, (E) N. ribis-nigri 
oviparae air entrainment sample co-injected with synthetic (4aiS',7/S',7a^)-
nepetalactone (I) and (li?,4aS',75',7ai?)-nepetalactol (III), and (F) synthetic 
(4aS',75',7a/?)-nepetalactone (I) and (li?,4aS',75',7a/f)-nepetalactol (III). * Denotes 
peak enhancement with (4aiS',7iS',7ai?)-nepetaIactone (I). * Denotes peak 
enhancement with (li?,4aS',75',7ai?)-nepetalactol (III). 
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Appendix D.2. GC trace from a non-polar column (HP-1) of (A) blackcurrant 
leaves sample and (B) synthetic (4aiS',75',7ai?)-nepetalactone (I) and 
(li?,4aS',75',7ai?)-nepetalactol (III). 
(4aS,75',7ai?)-nepetalactone (I) and (li?,4a^,76',7ai?)-nepetalactol (III) were not detected 
in the air entrainment sample collected from blackcurrant leaves. 
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Appendix D.3. GC trace from a chiral column (y^cyclodextrin) of (A and D) 
Nasonovia ribis-nigri oviparae air entrainment sample, (B) N. ribis-nigri oviparae 
air entrainment sample co-injected with synthetic (4a5',75',7ai?)-nepetalactone (I), 
(C) synthetic (4aS',7;S',7ai?)-nepetalactone (I), (E) N. ribis-nigri oviparae air 
entrainment sample co-injected with synthetic (4ai?,7/?,7aS)-nepetalactone (II) and 
(F) synthetic (4a/f,7i?,7a5)-nepetalactone (II). * Denotes peak enhancement with 
(4a5',75',7aif)-nepetalactone. 
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Appendix D.4. NMR spectrum of the derivatised (A and B) synthetic standards 
and (C) air entrainment sample from Nasonovia ribis-nigri. 
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Appendix D.5. GC trace from HP-1 column of (A) Nasonovia ribis-nigri oviparae 
air entrainment sample, (B) N. ribis-nigri oviparae air entrainment sample co-
injected with (15',2i?,35)-dolichodial (X), and (C) (15',2i?,35)-dolichodial (X). GC 
trace from HP-Wax column of (A) N. ribis-nigri oviparae air entrainment sample, 
(B) N. ribis-nigri air entrainment sample co-injected with (15',2i?,35)-dolichodial 
(X), and (C) (15',2i2,35)-dolichodial (X). * Denotes peak enhancement with 
(liS',2if,35)-dolichodial (X). 
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Appendix D.6. GC trace from a non-polar column (HP-1) of (A) blackcurrant 
leaves sample and (B) (15',2i?,35)-dolicliodial (X). 
(15',2i?,3'S)-Dolichodial (X) was not detected in the air entrainment sample collected 
from blackcurrant leaves. 
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Appendix D.7, GC trace from HP-1 column of (A) Nasonovia ribis-nigri oviparae 
air entrainment sample, (B) N. ribis-nigri oviparae air entrainment sample co-
injected with phenylacetonitrile (XIII) and (C) phenylacetonitrile (XIII). GC trace 
from HP-Wax column of (A) N. ribis-nigri oviparae air entrainment sample, (B) N. 
ribis-nigri air entrainment sample co-injected with phenylacetonitrile (XIII). (X), 
and (C) phenylacetonitrile (XHI). * Denotes peak enhancement with 
phenylacetonitrile (XIII). 
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Appendix D.8. GC trace from a non-polar column (HP-1) of (A) blackcurrant 
leaves sample and (B) phenylacetonitrile (XIII). 
Phenylacetonitrile (XIII) was not detected in the air entrainment sample collected from 
blackcurrant leaves. 
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Appendix E,l. GC trace from a non-polar column (HP-1) of (A) Megoura viciae 
oviparae air entrainment sample, (B) M. viciae oviparae air entrainment sample 
co-injected with synthetic (4a5',75',7ai?)-nepetalactone (I) and (li?,4a>S',75',7aif)-
nepetalactol (III), and (C) synthetic (4a5',75',7aif)-nepetalactone (I) and 
(li?,4aS',75',7aJ?)-nepetalactol (III). GC trace from a polar column (DB-Wax) of 
(D) M. viciae oviparae air entrainment sample, (E) M. viciae oviparae air 
entrainment sample co-injected with synthetic (4a5',75',7ai?)-nepetalactone (I) and 
(li?,4a5',7»S',7ai?)-nepetalactol (III), and (F) synthetic (4aiS',75',7ai?)-nepetalactone (I) 
and (li?,4aiS',75',7ai?)-nepetalactol (III). * Denotes peak enhancement with 
(435,75,7ai?)-nepetalactone (I). * Denotes peak enhancement with (ljR,4a5,75,7a/()-
nepetalactol (III). 
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Appendix E.2. GC trace from a non-polar column (HP-1) of (A) Megoura viciae 
virginoparae air entrainment sample and (B) synthetic (4aS',75',7ai?)-nepetalactone 
(I) and (li?,4aS',75',7ai?)-nepetalactol (III). 
(4aS,75',7a/?)-nepetalactone (I) and (li?,4aS,7iS,7ai?)-nepetalactol (III) was not detected 
in the air entrainment samples collected from M. viciae virginoparae on bean plants. 
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Appendix E.3. GC trace from a chiral column (y^cyclodextrin) of (A and D) 
Megoura viciae oviparae air entrainment sample, (B) M viciae oviparae air 
entrainment sample co-injected with synthetic (4a<S',75',7ai?)-nepetalactone (I), 
(C) synthetic (4aiS',7-5',7ai?)-nepetalactone (I), (E) M. viciae oviparae air 
entrainment sample co-injected with synthetic (4ai?,7if,7a5)-nepetalactone (II) and 
(F) synthetic (4ai?,7i?,7aS)-nepetalactone (II). * Denotes peak enhancement with 
(4ajR,7i?,7aS)-nepetalactone (II). 
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Appendix E.4. H NMR spectrum of the derivatised air entrainment sample from 
Megoura viciae (A expanded from B). 
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Appendix E.5. GC trace from a non-polar column (HP-1) of (A) Megoura viciae 
oviparae air entrainment sample and (B) (15',2if,35)-dolichodial (X). 
(15',2i?,3'S)-Dolichodial (X) was not detected in the air entrainment samples collected 
from M. viciae oviparae. 
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Appendix E.6. GC trace from a polar column (DB-Wax) of (A) Megoura viciae 
ovlparae air entrainment sample and (C) synthetic phenylacetonitrile (XIII). 
Phenylacetonitrile (XIII) was not detected in the air entrainment samples collected from 
M viciae oviparae. 
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Abstract—Females of the potato aphid Macm.siphum euphorbiae exhibit typi-
cal calling behavior, with virgin female oviparae raising their back legs off the 
substrate to release sex pheromone from glands on the tibia. Airborne collec-
tions from calling oviparae were analyzed by GC and GC-MS to determine if, 
like the majority of aphids examined to date, they produced (\R,^S,lS,laR)-
nepetalactol (1) and (4a5,7S,7fl/?)-nepetalactone (2). Both components were 
present and produced in ratios that varied with age from 4:1 to 2:1. The rel-
ative stereochemical configurations of these components were determined by 
GC-coinjection of the aphid-derived sample with synthetic standards on both 
HP-1 and DB-Wax GC columns. The absolute stereochemical configuration of 
the nepetalactol (determined from approximately 15 Mg of material in an air 
entrainment sample) was determined as (\R,iiaS,lS,laR)-\ by derivatization 
of the aphid sample with (S)-(-)-)-a-methoxy-a-(trifluoromethyl)phenylacetyl 
chloride (Mosher's acid chloride) to generate a diastereoisomer that was com-
pared to synthetic samples by NMR spectroscopy and GC. In bioassays in the 
wind tunnel, M. euphorbiae males responded to potato plants with oviparae but 
not to unattacked plants or those infested with parthenogenetically reproducing 
apterae. In no-choice laboratory bioassays, the same level of male response was 
observed to virgins and to the 3:1-5:1 synthetic blends of nepetalactol (l):nepeta-
lactone (2). However, the time taken to reach the source was significantly less 
^Current address: Department of Plant Protection, Faculty of Agriculture, Tehran University, Karaj 
31587-11167, Iran. 
^Current address: Department of Biology, University of Western Ontario, London, ON, Canada, NGA 
5B7. 
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to virgin females than to the synthetic pheromone blends. In all cases, males 
walked rather than flew to the source. Males showed lower responses to a 1:1 
synthetic mixture and did not respond to either of the components when pre-
sented alone. Under field conditions, few M. euphorbiae males were captured in 
traps baited with different ratios of the synthetic pheromone. Possible reasons 
for the different responses under laboratory and field conditions are discussed. 
Key Words—Potato aphid, Macrosiphum euphorbiae, sex pheromone, wind 
tunnel, (iyJ,4aS,7S,7aR)-nepetalactol, (4aS,7S,7a/?)-nepetalactone, calling 
female. 
INTRODUCTION 
Many aphid species (Homoptera: Aphididae) have complex seasonal reproduc-
tive cycles, with a number of parthenogenetically reproducing asexual generations 
during the summer and one autumn generation of sexually reproducing morphs 
that produces the overwintering eggs (Moran, 1992). They may be monoecious, 
exploiting the same host throughout the year, or heteroecious, alternating between 
primary overwintering and secondary summer hosts. The asexual summer gener-
ations of aphids are among the most serious pests of agricultural and horticultural 
crops in the world, not only from the direct effects of feeding but also as vectors of 
plant diseases (Kennedy et al., 1962; Blackman and Eastop, 2000; Radcliffe and 
Ragsdale, 2002). Current aphid control is strongly dependent on the use of insec-
ticides, but because this carries the undesired side effects of insecticide resistance, 
reduction of beneficial insect populations, and potential environmental contami-
nation (Metcalf, 1980; Hemingway et al., 2002; Foster et al., 2003), alternative 
approaches must be sought. 
Sexual female aphids can attract males with a sex pheromone released from 
the hind tibiae (Pettersson, 1970,1971; Marsh, 1972; Eisenbach and Mittler, 1980; 
Dawson et al., 1990; Lilley and Hardie, 1996; Boo et al., 2000), and the pheromones 
of many aphid species in the subfamily Aphidinae have been identified (Dawson 
et al., 1987, 1988, 1989; Campbell et al., 1990; Lilley et al., 1994/1995; Gabrys 
et al., 1997; Boo et al., 2000). Whereas aphid sex pheromones have several potential 
uses, such as monitoring aphid populations, manipulating aphid parasitoids, or 
disseminating pathogens (Campbell et al., 1990; Hardie et al., 1992; Lilley et al., 
1994; Pickett et al., 1994; Gabrys et al., 1997; Hartfield et al., 2001), they are 
as yet unexploited. This is due in part to the fact that the sexual morphs occur 
late in the season rather than in the summer when crops are being invaded by the 
asexual alate females. However, if sex pheromones are to be used effectively, then 
understanding the pheromone biology for the species in question is essential (see 
McNeil, 1991, and references therein). 
The potato aphid, Macrosiphum euphorbiae (Thomas), can be an impor-
tant pest of potatoes and tomatoes (Shands et al., 1965; Lange and Bronson, 
1981), damaging plants by sucking phloem sap and by transmitting viral diseases 
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(Kennedy et al., 1962; Alyokhin et al., 2002). In this paper, we undertook studies 
to determine whether M. euphorbia produces (l^,4a5,7S,7a/?)-nepetalactol (1) 
and (4a5,75,7ai?)-nepetalactone (2), the two sex pheromone components found 
in the majority of aphids studied to date. We also examined the rates of emission 
as a function of female age, and tested male responses to putative female sex 
pheromone blends under controlled conditions in a wind tunnel and in the field. 
M E T H O D S A N D M A T E R I A L S 
Insects. Aphids used in these experiments came from an annually restocked, 
multiclonal laboratory culture that was established from parthenogenetic individ-
uals collected from potato fields near Quebec City. Colonies were maintained on 
potato seedlings. Solarium tuberosum c. v. Norland, at 20 ± 1°C, 60 ± 10% RH, un-
der a 16L:8D photoperiod, conditions that ensure continuous asexual production. 
Potato seedlings at the 4 -6 leaves stage were used as host plants in all experiments, 
and new plants were provided every 3 d. Sexuals were obtained by rearing two 
consecutive generations at 20 ± 1°C, 60 ± 10% RH under a 10L:14D photope-
riodic regime. Gynoparous (which produce the sexual females) and androparous 
(which produce the winged males) females were produced in the first generation 
and were held in groups on host plants. Their offspring were collected daily to 
ensure production of known age oviparae and males. The sexes were maintained 
separately to ensure that females were virgin and that males had never been exposed 
to pheromone prior to being used in bioassays. 
Experimental Chemistry. 'H, '^C, and '®F NMR spectroscopy was performed 
using a Bruker 500 Avance NMR spectrometer with 'H referenced to CDCI3 
(7.25 ppm), ''C to CDCI3 (77.0 ppm), and ''F to CFCI3 (0 ppm). Quantitative 'H 
NMR spectroscopy was performed using a pulse angle of 30°, an acquisition time 
5T1 (with T1 measured to be 2.5 sec) and a delay of 5 sec. 
Isomers of nepetalactol derived from the essential oil of Nepeta cataria or 
from synthetic preparation (20 mg, 0.12 mmol) were dissolved in dichloromethane 
(1 ml) under nitrogen. A solution of (S)-(-f)-a-methoxy-a-(trifluoromethyl) 
phenylacetyl chloride (40 mg, 0.16 mmol) and pyridine (25 /xl) in dichloromethane 
(1 ml) prepared under nitrogen was added, together with a few crystals of dimethy-
laminopyridine, and the reaction was stirred overnight. NMR analysis of an aliquot 
showed complete esterification of the lactol. The solvent was removed under a 
stream of nitrogen and the residue purified on a florisil column eluted with 10% 
diethyl ether in petroleum ether (40-60°C boiling fraction). Fractions containing 
the lactol ester were combined and evaporated to dryness. 
(lS,4aS, 7S, 7aR)-Nepetalactolyl (S)-{+)-a-methoxy-a-trifluoromethylphenyl-
acetate (3): 'H NMR (500 MHz, CDCI3) S 7.52 (2H, m, ortho-H aromatic), 7.40-
7.37 (3H, m, meta- andpara-H aromatic), 6.20 (IH, d, J = 2.9 Hz, H-1), 5.87 
(IH, br s, H-3), 3.52 (3H, s, OCH3), 2.46 (IH, br q, 7 = 6.2 Hz, H-4a), 1.90 
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(IH, m,H-5), 1.87 (IH, m, H-7), 1.84 (IH, m. H-6), 1.79 (IH, m, H-7), 1.51 (IH, 
m, H-5), 1.42 (3H, s, 4-Me), 1.19 (IH, m, H-6), 1.08 (3H, d, y = 6.4 Hz, 7-ME); 
'3CNMR(125MHz,CDCl3)5 165.6 (CO), 133.1 (C3), 131.8 (CI"), 129.6 (C4"), 
128.3 (C3"), 127.6 (C2", q, 7 = 1.9 Hz), 123.2 (C3', q, i = 286.6 Hz), 114.3 
(C4),93.3 (CI), 84.6 (C-2,q, J = 27.6Hz),55.3 (OCHj), 48.9 (C7a), 36.7 (C4a), 
34.9 (C7), 33.0 (C6), 28.7 (C5), 19.6 (7-Me), 15.7 (4-Me); "F NMR (470 MHz, 
CDCI3) 5 -72 .69 (CF3). 
{IR, 4aR, 7R, 7aS)-Nepetalactolyl {S)-{+)-a-metlioxy-oi-trifluoromethylphe-
nylacetate (4); 'H NMR (500 MHz, CDCI3) & 7.55 (2H, m, ortho-R aromatic), 
7.40-7.35 (3H, m, meta- and para-H aromatic), 6.16 (IH, d, 7 = 3.5 Hz, H-1), 
5.98 (IH, br s, H-3), 3.56 (3H, s, OCH3), 2.44 (IH, br q, 7 = 6.7 Hz, H-4a), 1.89 
(IH, m, H-5), 1.85 (IH, m, H-7), 1.84 (IH, m, H-6), 1.73 (IH, m, H-7a), 1.50 (3H, 
s, 4-Me), 1.49 (IH, m, H-5), 1.17 (IH, m, H-6), 1.00 (3H, d, 7 = 6.2 Hz, 7-Me); 
"C NMR (125 MHz. CDCI3) g 165.7 (CO), 133.3 (C3), 132.1 (CI"), 129.6 (C4"), 
128.3 (C3"), 127.4 (C2), 123.2 (C3', q, 7 = 288.6 Hz), 114.6 (C4), 93.4 (CI), 
84.3 (CF3, q, 7 = 27.8 Hz), 55.4 (OCH3). 48.5 (C7a), 37.0 (C4a), 34.8 (C7), 33.0 
(C6), 28.9 (C5), 19.6 (7-Me), 15.7 (4-Me); "F NMR (470 MHz, CDCI3) 5 -72 .14 
(CF3). 
Purified samples of 3 and 4 were analyzed on a Hewlett-Packard 5880 GC, fit-
ted with a nonpolar HP-1 capillary column (40 m, 0.32 mm ID, 0.52-^m film thick-
ness), a cooi-on-column injector, and a flame ionization detector (FID). The GC 
oven temperature was maintained at 40°C for 1 min and then raised by 10°C/min 
to 200°C. The carrier gas was nitrogen. The retention time for 3 was 33.40 and 4 
was 32.50, for an a value of 1.028. 
Derivatization ofVolatiles Sample from M. euphorbiae. Air entrainment sam-
ples of M. euphorbiae oviparae (see below), containing 15 /xg of nepetalactol by 
GC approximation, were combined, concentrated under a stream of nitrogen, and 
dissolved in dichloromethane (0.5 ml) under nitrogen. A solution of (S)-(-f)-«-
methoxy-a-(trifluoromethyl)phenylacetyi chloride (40 mg, 0.16 mmol) and pyri-
dine (25 /xl) in dichloromethane (0.5 ml) prepared under nitrogen was added, to-
gether with a few crystals of dimethylaminopyridine, and the reaction was stirred 
overnight. The solvent was removed under a stream of nitrogen and the residue 
partially redissolved in 10% diethyl ether in petroleum ether (40-60°C boiling 
fraction). The insoluble material was discarded and the soluble portion decanted. 
The solvent was removed under a stream of nitrogen and the residue redissolved 
in CDCI3 for NMR and GC analysis. 
Isolation of Volatiles. Twenty five virgin oviparae of M. euphorbiae (1 -d old) 
were placed on a potato seedling in a glass culture vessel (Quickfit FV range, 
1 1). Air that had been dried and purified by passage through an activated 5 A 
molecular sieve and charcoal, was drawn at 11/min through the container. Volatiles 
were trapped on Porapak Q that had been cleaned by washing with ether (5 ml) 
and heating at 150°C for 12 hr under a stream of nitrogen. Because preliminary 
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tests showed that the quantities of pheromone released were very low, subsequent 
collection was carried out over a 4-d period. The volatiles were eluted from the 
Porapak Q with freshly distilled ether (700 /xl). The resulting extract was stored in a 
sealed glass ampoule at —20°C. The procedure was repeated for two additional 4-d 
periods, replacing the host plant each time, to test for possible age-related changes 
in pheromone emission. Females may live up to 4 wk, but we limited sampling 
to the first 12 d as mating occurs within 48 hr under laboratory conditions and it 
seemed unlikely that a female would remain unmated for any greater length of 
time in nature. There were two sets of controls, with volatiles being collected from 
an uninfested potato plant, and one infested with 25 apterous viviparae. The entire 
experiment was replicated three times. 
Analysis of Volatiles. Air entrainment samples were analyzed by GC on both 
polar (DB-wax, 30 m x 0.32 mm ID x 0.5 /im film thickness) and nonpolar (HP-1, 
50 m X 0.32 mm ID x 0.5 ixm film thickness) capillary columns using a HP5890 
GC (Agilent Technologies, UK) fitted with a cool-on-column injector and FID. 
The GC oven temperature for both columns was maintained at 40°C for 1 min after 
sample injection and then raised by 10°C/min to 240°C. The carrier gas was hy-
drogen. Further analysis by GC-MS was performed on a VG Autospec instrument 
(VG Analytical, UK) coupled to a HPS890 GC fitted with an HP-1 column. 
Wind Tunnel Bioassays. Experiments were conducted in a laminar airflow 
wind tunnel (290 cm long, 120 cm wide, and 100 cm high) located in an envi-
ronmental chamber maintained at 18 ± 0.5°C with RH 40-50%. Tunnel lighting 
was provided by eight (40 W) fluorescent light bulbs uniformly placed above the 
tunnel ceiling, giving a light intensity of 150 lux where bioassays were carried out. 
All assays, using 5- to 6-d-old naive, virgin males, were carried out in the third to 
sixth hours of the photophase, as this was the period of maximum female calling 
activity under controlled laboratory conditions (Goldansaz and McNeil, 2003). 
Males were considered unresponsive if they did not respond within 3 min. Individ-
uals were used only once. However, under these conditions whenever males took 
flight they flew downwind rather than upwind. Therefore, we connected the plat-
forms bearing the source and the release cage with a thin string bridge, a technique 
previously used by Eisenbach and Mittler (1980), and repeated the experiment 
described above. This "bridge" approach was also used to test the response of M. 
euphorbiae males to artificial sex pheromone. Six ratios of the two compounds 
were tested: 1:0, 0:1, 1:1, 3:1, 4:1, and 5:1, together with the ether solvent as a 
control, using a randomized block design with three replicates of 15 males. Our 
standard solutions were 1 mg/ml so, for example, to obtain the 1:1 ratio we applied 
1 ix\ of each solution (1 /xg of each compound) onto a 1 cm diam filter paper disc. 
These preparations were replaced every 15 min. 
Testing Synthetic Pheromone Lures Under Field Conditions. A series of 08-
CPV Chromacol glass vials were loaded with 10 mg of either (l/?,4a5,7S,7a/J)-
nepetalactol (1) or (4a5,7S,7a/?)-nepetalactone (2) in 50 fil Et20. A 1-mm hole 
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was drilled in the top which provided a 200 / ig per day release rate (Gabrys et al., 
1997). A series of water traps made from clear plastic petri dishes were baited with 
1:0,0:1, 1:1, and 5:1 nepetalactol:nepetalactone lures, whereas vials with solvent 
only were used in the controls. Thus, in the 5:1 treatment, there were 5 vials of 
nepetalactol and 1 of nepetalactone, whereas the control had 6 with EtzO. In this 
case, the actual release rates (1:2) would be approximately 1.0:0.2 mg/d. The traps 
were placed along the edges of commercial potato fields near Pont Rouge, QC, and 
near a rose garden in the Jardin Van Den Hende on the Laval University Campus 
in 1997,1998, and 2000. There were a minimum of three sites each year, with five 
traps per site. The traps, positioned 1 m above ground on wooden stakes 10 m apart, 
were checked at least every 3 d from July through October. At each inspection, all 
material was collected and the traps were refilled with soapy water. Although the 
pheromone blends have a constant release rate over 5 wk at 20°C (Gabrys et al., 
1997), to ensure consistency under field conditions the lures were changed every 
2 wk. 
Statistical Analyses. Differences in the ratio of the two pheromone compo-
nents as a function of female age were compared using a permutation test (Legendre 
and Legendre, 1998). Categorical responses (orient/not orient; take flight/not tak-
ing flight; reach the source/not reach the source) of males exposed to different odor 
sources were compared with a logit model using the GENMOD procedure of SAS, 
whereas the time to reach the source was compared with ANOVA using GLM pro-
cedure (SAS, 1999). The proportion of males orienting in the presence or absence 
of a bridge was compared with an analysis of contrast, using the GENMOD proce-
dure (SAS, 1999). The latency times for males to respond to various odor sources 
were compared by contrast analysis, using the GLM procedure (SAS, 1999). 
RESULTS 
Pheromone Identification. GC analysis of the air entrainment samples from 
virgin sexual females of M. euphorbiae showed the presence of two peaks that 
were identified by coupled GC-MS and GC coinjection, on two achiral columns 
(HP-1 and DB-WAX), as identical to nepetalactol and nepetalactone derived from 
N. cataria essential oil. These plant-derived compounds were used for the field and 
laboratory studies, with nepetalactone isolated from the essential oil of 
N. cataria, and nepetalactol obtained from borohydride reduction of nepetalactone. 
The relative stereochemical configuration has been defined previously by chemi-
cal synthesis and NMR spectroscopy (Dawson et al., 1996; Hooper et al., 2002). 
The enantiomers of these compounds, however, could not be separated by GC on 
a chiral stationary phase (/3-cycIodextrin). To demonstrate enantiomeric purity, 
synthetically produced enantiomers (l/?,4a5,7S,7ai?)-nepetalactol and (15,4a/?, 
7/?,7aS)-nepetalactol were esterified separately with (S)-(-f-)-Q!-methoxy-a-
(trifluoromethyl)phenylacetylchloride to generate diastereoisomers (3) and (4), 
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respectively, as synthetic standards (Figure 1). After derivatization of nepetalactol 
from N. cataria, NMR analysis showed the plant product to be (l^,4aS,7S,7a/?)-
nepetalactol (1) with an enantiomeric excess (e.e.) of >99% by quantitative 'H 
NMR spectroscopy. The e.e. measured before and after purification was the same. 
OH 
(S)-Mosher's acid chloride 
Pyridine, DMAP, CH2CI2 
(S)-Mosher's acid chloride 
Pyridine, DMAP, CHjCl^ 
F 3 C OMe 
OH 
FIG. 1. Transformation of (l/f,4aS,75,7a/?)-nepetalactoi and its enantiomer to the 
corresponding Mosher's esters. 
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There are errors in NMR integrative determination of enantiomeric excess, indeed 
the commercial (S)-(+)-Q!-methoxy-Q!-(trifluoromethyl)phenylacetyl chloride is 
marketed with an e.e. of 98%, but the experiment clearly shows the plant-derived 
nepetalactol possesses very high or complete enantiospecificity. 
The air entrainment sample of M. euphorbiae contained many components, 
and the total sample before derivatization contained approximately 15 i^g of 
nepetalactol. An overnight accumulation by 'H NMR spectroscopy after deriva-
tization of the sample revealed H-1 and H-3 proton resonances of the desired 
compound, which could be observed in a part of the spectrum clear of other reso-
nances (Figure 2). By comparison with synthetic standards 3 and 4 (Figure 2), it was 
clear that M. euphorbiae produced predominantly (1 /?,4aS,75,7a/?)-nepetalactol. 
The absolute stereochemical configuration of nepetalactone from M. euphorbiae is 
presumed to be the same because the inversion of three chiral centers would not be 
expected. As added proof, GC-coinjection of the synthetic standards 3 and 4 with 
the derivatized air entrainment sample was performed on an HP-1 column. The 
trace from the derivatized M. euphorbiae sample contained a peak that coeluted 
with 3 and no peak in the trace coeluted with 4. 
The ratio of 1 and 2 from M. euphorbiae appeared to change as a function of 
age, averaging ca. 4:1 on days 1-4, ca. 3:1 and 2:1 on days 5-8 and 9-12, respec-
tively. However, these differences were not statistically significant (P = 0.18). 
Assuming that all females were calling, and taking into account the duration of 
the calling period (see Goldansaz and McNeil, 2003), then the hourly nepetalac-
tohnepetalactone release rates ranged from 50:15 to 20:10 ng/aphid/hr over the 
12-d collection period. Insufficient material was obtained from the entrainments 
to conduct bioassays. 
Bioassays. In the absence of any odor source, and with no bridge for in-
dividuals to walk upwind, males moved to the top of the release cage and flew 
downwind. In contrast, when any odor source was present, males that exhibited 
orientation behavior moved to the upwind edge of the release cage to face the 
source, walked down the side, and moved back and forth on the upwind edge of 
the platform. However, as before, when they took flight, all males flew downwind. 
There was a shorter latency period before taking flight in clean air than when an 
odor source was present {F = 18.57, df = 1, 6, /• = 0.005; Table 1). M. euphor-
biae males oriented upwind more when exposed to calling virgin females than 
to asexual females or a potato plant ( /^ = 83.20, df = 3, P < 0.001; Figure 3). 
Furthermore, males exposed to calling oviparae spent longer orienting than to 
other odor sources (F = 18.22, df = 1,6, P = 0.005; Table 1), resulting in fewer 
individuals actually taking off during the assay ( /^ = 40.12, df = 3, P < 0.001; 
Figure 3a). When a bridge was available between the source and release platforms, 
the percentage of males orienting to the different sources was similar to those seen 
in the previous experiment (x^ = 0.23, df = 1, P = 0.64), and for any given 
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FIG. 2. (A) H NMR spcclrum of ihc dcrivalized air cntrainmcnt sample from M. eiiphor-
biae showing (B) H-I and H-3 resonances for the derivatized nepetalactol. Comparison 
wilh synthetic standards (C and D) shows the aphid-produccd compound is identical to 
(I W.4ai',7i".7a/f)-ncpetalactol (1). 
odor source the latency times did not differ significantly (F = 2,20, df = I, 12, 
P = 0.16; Table 1). In this case, more males walked to calling oviparae on plants 
than parthenogenetic females or plants only ( / • = 70.75, df = 3, P < 0.001; 
Figure 3b). However, even when males had the possibility to walk to the source, 
there was some variability in response to calling females, because some individu-
als still took flight and subsequently moved downwind (Figure 4). The percentage 
of males orienting to and reaching the source when exposed to 3:1, 4:1, and 5:1 
nepetalactol (l):nepetalactone (2) lures was similar to those observed when virgin 
females were used (Table 2). The responses were significantly lower when a 1:1 
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TABLE I. DURATION (A- ± S E ) OF THE LATENCY PERIOD 
(SEC) PRIOR TO TAKING FLIGHT OR WALKING UPWIND IN 
Macrosipltiim euphorbiae MIVLES WHEN EXPOSED TO 
DIFFERENT ODOR SOURCES IN A LABOR/\TOKY BIOASSAY 
Source Without a bridge With a bridge 
Clean air 67.9 ±7.6 67.5 ± 5.4 
Uninfested potato plant 84.4 ± 2.7 94.4 ± 5.4 
Plant with virginoparae 86.2 ± 4.9 89.7 ± 1.4 
Plant with oviparae 100.9 ± 11.9 116.1 ± 15-2 
blend was used and little response was observed when either of the components 
was presented alone. In all cases, the time taken to reach the synthetic lures was 
greater than to virgin oviparae (Table 2). 
Field Trapping. We captured in excess of 2 0 0 0 male aphids. with represen-
tatives of all the major genera of aphids found in Quebec. However, most could 
(a) 
I Orintation • F(y downwind 
100 -
80 -
& 6 0 -
S 
1 4 0 -
2 0 • 
0 • Ui 
Wind 
(b) 
Plant Plant with Plant with 
asexual females sexual teniales 
I Orientation D Reach source 
100 1 
8 0 • 
6 0 -
4 0 -
20 
0 
Wind Plant Plant with Plant with 
asexual females sexual females 
FlCi. 3. Pcrcent ofM. cuphorhiae males exhibiting orientation and flight response to dilTcr-
cnt odor sourccs in a wind tunnel (wind speed 40 cni/sec) when there was (a) no physical 
conncction and (b) a physical connection between the release site and the source. 
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FIG. 4. Percent of M. euphorbiae males orienting, walking to the source, or flying downwind 
when exposed to five calling oviparae in a wind tunnel (wind speed 40 cm/sec) when there 
was a physical connection between the release site and the source. 
not be identified with any certainty beyond the family or genus, because males 
for most species have not been previously described (Eastop, personal communi-
cation). Only three were M. euphorbiae, and all were captured near potato fields 
in late August, in traps baited with a 5:1 nepetalactol:nepetalactone lure, which 
of all the combinations used was closest to the ratio emitted by young virgin 
females. 
TABLE 2 . BEHAVIORAL RESPONSES ( I ± S E ) OF 
Macrosiphum euphorbiae MALES W H E N EXPOSED TO 
CALLING FEMALES AND SYNTHETIC PHEROMONE LURES, 
DIFFERING IN THE RATIO OF NEPETALACTOL: 
NEPETALACTONE, UNDER CONTROLLED CONDITIONS IN A 
W I N D TUNNEL 
Orienting to Reaching Time to reach 
Ratio (1:11) source (%)" source (%)" source (sec)" 
0:0 0 a Oa 
0:1 6.0 ± 2.8 ab Oa — 
1:0 14.0 ± 2.8 b Oa — 
1:1 47.0 ± 12.3 c 24.6 ± 8.5 b 181.2 ± 9.8 a 
3:1 94.0 ± 2.7 e 53.0 ± 7.5 c 174.6 ± 6 . 6 a 
4:1 92.0 ± 0.5 de 53.3 ± 3.4 c 187.5 ±3 .1 a 
5:1 75.0 ± 0.0 d 44.3 ± 5.8 c 193.7 ± 0 . 9 a 
Oviparae 80.0 ± 4.6 de 50.0 ± 4.7 c 114.9 ± 9.6 b 
"Values within a column followed by different letters are significantly 
different (P < 0.05). 
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DISCUSSION 
Macrosiphium euphorbiae oviparae produce both (l/?,4aS,7S,7a/?)-
nepetalactol (1) and (4aS,7S,7a/?)-nepetalactone (2), the same two major compo-
nents reported for a number of other aphid species. The absolute stereochemistry of 
1 has been elucidated from this complex mixture of aphid and host plant volatiles 
using microchemistry and NMR spectroscopy on only 15 /xg of material. It is un-
usual to use NMR to determine the structure of components in complex mixtures 
and more so at this microscale. The unusual chemical shift of the derivative allowed 
NMR analysis in a clear window of the NMR spectrum (Figure 1), and this method 
can probably be extended to the analysis of other aphid-produced nepetalactols. 
It has been proposed that different ratios of the two compounds, ranging from 
1:29'm Aphis fabae (Pickett et al., 1992) to 30:1 in Cryptomyzus spp. (Guldemond 
et al., 1993), may provide species-specific pheromones (Guldemond et al., 1993; 
Hardie et al., 1994; Thieme and Dixon, 1996). The results of the present study lend 
support to this hypothesis, as M. euphorbia oviparae release a different ratio from 
those reported for other species studied to date. Furthermore, in laboratory assays 
males responded to 3:1-5:1 ratios of the components in synthetic lures (similar to 
the variability seen in the pheromone ratio from different aged virgin females) but 
significantly less to the other ratios, whereas each component alone was virtually 
inactive. 
However, the 5:1 ratio which proved attractive in the laboratory was not 
effective in attracting males during 3 years of field trials. There are nonexclusive 
explanations to account for the marked differences between laboratory and field 
results. The first relates to population size. The numbers of male M. euphorbiae 
captured in suction traps each fall in a previous study carried out over several years 
at different locations were always low (<10/year) in Quebec (Conrad Cloutier, 
personal communication). This was markedly different from the high densities of 
males from other aphid species of agricultural importance, suggesting that densities 
of M. euphorbiae sexuals seldom reach high densities in the study area. 
A second explanation relates to the quality and/or quantity of pheromone 
actually released, which may vary considerably between controlled laboratory and 
variable field conditions. Pheromone stereochemistry may significantly influence 
male aphid responses (see Hardie et al., 1997) although in the present study on M. 
euphorbia the enantiomeric purity of the nepetalactone and nepetalactol of the lures 
and from calling females were predominantly the same. However, because of the 
extremely small quantity of aphid-produced material available, the NMR analysis 
(Figure 2) could not rule out the possibility that minor stereoisomers of nepetalactol 
were present but not detectable at this level of sensitivity. Furthermore, there is the 
possibility of presently unknown minor components. For example, nepetalactone is 
the only compound presently identified from the oviparae of Brevicoryne brassicae 
(Gabrys et al., 1997), Sitobion avenae (Li 1 ley et al., 1994/1995), and S. fragariae 
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(Hardie et al., 1992), and alone would not provide a species-specific signal if 
all species occurred simultaneously in the same general habitat. Also, synthetic 
sex pheromones, in the ratios reported from calling females, were unattractive to 
males of Aphis fabae and Acyrthosiphon pisum (Hardie et al., 1990), as well as 
to Cryptomyzus galeopsidis males (Thieme and Dixon, 1996). The fact that M. 
euphorbiae males took significantly less time to reach calling females than any of 
the synthetic lures in the laboratory assays suggests some aspect of the pheromone 
blend may remain to be elucidated. 
A third explanation may relate to the manner in which males actually reach 
a pheromone source. As seen in the bioassays (Figure 3), under a constant wind 
speed of 40 cm/sec males did not fly upwind to a pheromone source. Furthermore, 
studies examining the effect of wind speed under laboratory and field conditions 
(Goldansaz and McNeil, unpublished) showed that even at low velocities, M. 
euphorbiae males often walked rather than flew upwind to calling females. If 
walking behavior is a major component of mate location in potato aphid males, 
then they would be unable to follow a plume upwind by walking because the 
traps were supported on stakes 1 m above ground. Campbell et al. (1990) captured 
hop aphid, P. humuli, males 20 m from the hop garden, indicating males move 
greater distances than the few centimetres initially proposed (see Dawson et al., 
1990). However, it is not clear what proportion of such movement is due to passive 
transport on air currents compared with active oriented flight to the pheromone 
source. Logically, one would expect volatiles from a suitable primary host plant to 
be more effective at long distance than the sex pheromone emitted by a small calling 
female, so host plant volatiles, alone or in concert with the female sex pheromone, 
could provide males more specific long distance cues for mate location. Increased 
trap catches have been reported for the hop aphid, Phorodon humuli, and bird-
cherry aphid, R. padi (Campbell et al., 1990; Hardie et al., 1994), when host plant 
volatiles were combined with the pheromone. However, this is not always the case 
with host plant volatiles acting as low ranking cues for males of Cryptomyzus 
spp. and two subspecies of A. fabae (Guldemond et al., 1992; Thieme and Dixon, 
1996). Although M. euphorbiae males showed positive bioassay responses in the 
absence of primary host plants under laboratory conditions, one cannot rule out 
that host plant volatiles from the primary host may be an important cue for males 
searching for mates under field conditions. 
To date, we do not have a sufficiently solid understanding of the pheromone 
ecology of M. euphorbiae, or of any other aphid species, to effectively exploit 
female sex pheromones in aphid management programs. Future research compar-
ing different species should include investigations of the chemical and ecological 
aspects of female pheromone production and release, as well as the male behav-
iors when locating pheromone sources. In addition, the importance of potential 
male pheromones, auditory signals, and physical factors such as size, shape, color, 
including species-specific courtship behaviors (Hardie et al., 1990; Steffan, 1990) 
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that may influence mate choice once the two sexes are in close proximity, need to 
be clarified. 
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